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ABSTRACT 
Legumes improve the quality and production of forage in pastures. Their distribution 
and abundance, however, depend on landscape position and grazing management, and their 
productivity, as percentage of dry matter, is correlated positively to the number of legume 
species found across pasture landscapes. The objectives of my dissertation were to: i) 
evaluate why legumes exhibit site-specific adaptations in pastures; ii) determine the effect of 
landscape position and grazing management on plant species composition and diversity; and 
iii) quantify the relationship between the distribution and abundance of legumes and 
gradients of slope and soil electrical conductivity in pastures. I addressed these objectives 
with three experiments. In the first experiment, 1 measured the emergence and survival of 
legumes on summit and backslope landscape positions under varying N fertilization and 
sward cutting height treatments. I found legume establishment on summit landscape 
positions is limited by poor survival of seedlings. On backslopes, grass competition is less, 
and legume establishment is successful in swards cut at 5 cm. In the second experiment, I 
used a multi-scale sampling method to measure the effects of landscape position and grazing 
management on the occurrence and diversity of legume and grass species in pastures. I 
found legume and grass species diversity was greatest on backslope landscapes. Diversity 
increased with scale but at a greater rate in grazed than nongrazed pastures. Increasing 
sample scale enables greater detection of minor forage species. In the final experiment, 1 
found legumes in pastures, as a % of vegetative cover, are most successful at 15 to 20% 
slopes and intermediate values of soil EC. Competition from grass limits the occurrence of 
legumes at slopes < 10% and at low and high values of soil EC. The results from these 
studies support the hypotheses that the distribution of legumes and plant diversity in pastures 
ix 
is strongly related to topography, and that sound grazing management is essential to the 
maintenance of legumes and plant diversity in pastures. I recommend a diverse assemblage 
of legumes be seeded on backslope landscape positions to optimize pasture production and 
the availability of nutrients over space and time. 
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CHAPTER 1. GENERAL INTRODUCTION 
Introduction 
Legumes are important to the functioning of pasture ecosystems. Through a symbiotic 
relationship with rhizobium bacteria, legumes fix atmospheric N,. Nitrogen fixation enables 
legumes to be self-sufficient for N and increases the availability of soil N (Heichel, 1985). 
The decomposition of legume leaf residues, roots, and nodules also enables transfer of N to 
coexisting grasses (Heichel and Henjum, 1991). At similar stages of maturity, legumes have 
a greater concentration of crude protein than grasses, and their incorporation with grasses 
improves herbage quality and yields of forage mixtures (Sleugh et al., 2000). The 
temperature optima of legumes are also greater than that of grasses (Nelson and Moser, 
1994). Thus, legumes improve the seasonal distribution of growth and nutrients in pastures 
(Sleugh et al., 2000). 
The productivity and stability of grassland ecosystems also depend on species 
diversity. Experimental manipulation of plant species diversity has shown that production of 
aboveground biomass increases as the number of plant species increase (Tilman et al., 2001). 
Species-rich sites also have been shown to produce greater aboveground biomass under 
drought conditions than less-diverse sites (Mulder et al., 2001). Over time, species-rich 
grasslands may have more stable aboveground biomass yields (Tilman, 1996) and be more 
resistant to weed invasion than species-poor grasslands (Tilman, 1997). The sowing of 
diverse assemblages of legume species in pastures may enable the optimization of forage 
yields and quality spatially and temporally in pastures (Hannoney et al., 2001). 
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Competition from grass, however, limits the establishment and yields of legumes in 
pastures. In a study conducted in Minnesota, researchers found that the suppression of 
competition was the overriding factor limiting the ability of legumes to establish in cool-
season grass pastures (Cuomo et al., 2001). Legumes consisted of 38% of forage stands 
when grass competition was suppressed with herbicides. Without herbicide suppression, 
legumes were only 3% of forage stands (Cuomo et al., 2001). Competition from grass limits 
establishment of legumes in pastures by limiting the photosynthetic photon flux or quantity 
of light that reaches seedlings at ground level (Trott et al., 1988). The quality or spectral 
distribution of radiation within plant canopies, particularly the ratio of red to far-red (R.FR) 
wavelengths also influences how plants respond to competition (Ballaré et al., 1990). 
Soil N availability influences grass-legume competition. Grasses have a greater 
relative growth rate than legumes in areas with high soil N availability. In areas with low 
soil N availability, legumes are more competitive because they can supplement mineral N 
uptake with N% fixation (Schwinning and Parsons, 1996). The availability of soil N also 
inhibits nodule formation and Na fixation of legumes (Heichel, 1985). Thus, N fertilization 
tends to favor grasses over legumes and is not a recommended practice to maintain legumes 
in pastures (Heichel, 1985). 
Grazing management also influences vegetation dynamics within legume-grass 
pastures. Results, however, vary with site, stocking rate, and the intensity and frequency of 
defoliation. In rotationally stocked pastures in the Northeastern US, a greater proportion of 
total herbage harvested was leguminous in pastures when rest periods were longer and 
grazing heights taller because upright-growing legumes such as alfalfa and red clover were 
favored (Carlassarre and Karsten, 2002). Continuous stocking creates and maintains patches 
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in vegetation that differ in degrees of utilization (Cid and Brizuela, 1998) and favors 
prostrate-growing, grazing-tolerant legumes such as white clover (Beuselinck et al., 1994). 
In the absence of disturbance, competitive interactions tend to decrease species 
diversity in grasslands (Collins, 1987). Large grazing animals create heterogeneity in plant 
communities through defoliation, trampling, and deposition of manure and urine (Steinauer 
and Collins, 1995). In native grasslands, grazing increases plant species diversity by 
reducing competition from dominant C4 grasses (Collins, 1987). Studies evaluating the 
effects of grazing on plant species diversity in legume-grass pastures are limited. 
In a recent experiment, Harmoney et al. (2001) showed that landscape position affects 
the proportion and diversity of legumes in pastures. Legumes yielded 161 g kg"1 dry matter 
(DM) on backslope positions versus 62 g kg"1 DM on summit positions. Legume species 
diversity was also found to be greater on backslope landscape positions than summit or 
toeslope positions, and as legume species diversity in the pastures increased, legumes as a 
percentage of DM also increased (Harmoney et al., 2001). 
It remained unclear, however, what factors were inhibiting the legumes on summit 
and toeslope positions. Was legume establishment inhibited by emergence or survival of 
seedlings, and how does N and sward height influence the establishment of legumes across 
these landscapes? I hypothesized that competition from grasses inhibits the survival of 
legumes on summit and toeslope positions but not backslopes, and that increases in N 
availability and sward height reduces legume establishment across all landscape positions. 
Harmoney et al. (2001) also showed that pastures average 2.2 legume species on 
backslopes, 1.3 on summits, and 0.9 ontoeslopes. Plant species richness, however, is known 
to increase with scale in most environments (Huston, 1994). How landscape position and 
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grazing management affects the occurrence and diversity of legume and grass species at 
different sample area or scales in pastures is unknown. Also, more information regarding the 
composition of the grass and legume functional types and the relative percentage of ground 
cover consisting of grass, legume, and weed functional types in pastures varying in landscape 
position and grazing management also is needed. 
Establishment of legumes on backslope landscape positions in pastures would 
improve forage production, quality, and soil fertility. However, visual delineation of 
landscape positions can be difficult in pastures that are complex topographically. Geospatial 
technologies such as digital elevation models (DEM) and soil electrical conductivity (EC) 
mapping have been used to characterize spatial variation of soil properties and grain yields in 
annual cropping systems, but their use in the site-specific management of pastures has not 
been explored. Of particular interest is how legumes are distributed along DEM-derived 
slope and soil EC gradients in pastures that vary in grazing management. 
Dissertation Organization 
I've organized this dissertation into five chapters. This chapter titled "General 
Introduction" includes an introduction to the dissertation and an explanation of how the 
dissertation is organized. In the second chapter, titled "Literature Review", I explain the 
functional roles legumes have in pasture ecosystems, reviewing their effects on herbage 
production and quality, soil N availability, and livestock production. I then review the recent 
literature evaluating the effects of species diversity and composition on the functioning of 
grasslands and how topography affects soils and productivity in grasslands. The fourth 
section of the literature review examines howN fertilization affects grasslands and legume-
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grass dynamics. I then finish the literature review with a discussion of how grazing affects 
legume species in pastures. 
The third chapter contains a paper covering the first experiment I completed during 
1998 to 1999. The chapter is titled "Emergence and Survival of Legumes in Pastures 
Varying In Landscape Position." The experiment was conducted to: (i) determine the roles 
of emergence and survival on establishment of legumes on summit and backslope positions 
in pastures and (ii) examine how sward height and N fertility affect emergence, survival, and 
diversity of legumes on these positions. This experiment consisted of sowing red clover 
(Trifolium pratense L.1 Marathon'), alfalfa (Medicago sativa L. 'Alfagraze'), and birdsfoot 
trefoil (Lotus corniculatus L. 'Norcen'), into a cool-season grass pasture that contained 
different landscape positions, N fertility rates, and sward heights. 
Chapter 4 is titled "Species Diversity and Functional Composition of Pastures 
Varying in Landscape Position and Grazing Management." This paper contains results of 
two experiments. In the first experiment, I used a multi-scale sampling method to evaluate 
the effects of landscape position and grazing management on the occurrence and diversity of 
grass and legume species in pastures. In the second experiment, the effects of landscape 
position and grazing management on legume and grass species and the proportions of ground 
cover consisting of legumes, grasses, and weeds were examined. I also discuss how legume 
and grass species diversity relates to the functional composition of the pastures. 
In the fifth chapter, I use the percentage cover data for the legume functional type 
determined in the second experiment in Chapter 4 and use regression analyses to examine 
how legumes are distributed along DEM-derived gradients of slope and soil EC. Chapter 5 is 
titled "Distribution of legumes in pastures along gradients of slope and soil electrical 
6 
conductivity." In this chapter, I also explore how slope, landscape position, and soil EC 
relates to pasture productivity and the dominant grass species, smooth brome and reed 
canary grass, in the pastures. I also discuss how grazing management influences the 
percentage cover of legumes along gradients of slope and soil EC. I close this dissertation in 
Chapter 6 with my general conclusions. In this chapter, I discuss the conclusions I've 
formed following review of the literature and the experiments I presented in chapters 3,4, 
and 5. 
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CHAPTER 2. LITERATURE REVIEW 
Legumes and Pasture Ecosystems 
The incorporation of legumes in pasture swards improves herbage yields. During the 
first three years of production, herbage yields of alfalfa-meadow bromegrass mixtures were 
on average 5.3 Mg ha"1 yr1 greater than monocultures of meadow bromegrass (Walley et al., 
1996). Establishment must be successful, however, if improvements in forage yield are to be 
realized. During the first year of production when legumes constitute only 8% of the dry 
matter, there is little increase of herbage yields (Walley et al., 1996). In second year stands, 
the benefits of legume are usually realized. In legume-renovated switchgrass, legumes 
consisted of 50 to 95% of the dry matter by the second year of production, and legume-
switchgrass yields were comparable to monocultures of switchgrass fertilized with 120 to 
240 kg ha"1 N (George et al., 1995; Gettle et al., 1996). 
Legumes improve herbage quality of forage mixtures. Introduction of legumes into 
cool-season grass swards increased yields of digestible dry matter and crude protein by 98 
and 111%, respectively (Taylor and Allinson, 1983). Digestible dry matter yields of 
birdsfoot trefoil-tall fescue forage was similar to that of monocultures of tall fescue fertilized 
at 80 kg ha*1 N (Beuselinck et al.. 1992). Inclusion of native, warm-season legumes in 
native, warm-season grasses also increased crude protein concentration of the forage 
compared to warm-season grass monocultures (Posler et al., 1993). 
The tissue quality of legumes tends to be greater than that of grasses. At similar 
stages of maturity, crude protein concentration in leaves and leaf:stem ratio of legumes is 
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greater than that of grasses (Van Soest, 1982), and the leaf:stem ratio and quality of stems are 
primary factors that determine nutritional value of forage mixtures (Nelson and Moser, 
1994). The digestibility of leaves and stems of grasses also tends to be less than that of 
legumes. Grasses normally have greater cell wall concentrations than legumes, and as plants 
mature, grasses accumulate lignin and decline in digestibility at a greater rate than legumes 
(Buxton and Fales, 1994). 
Legumes improve the seasonal distribution of growth and nutrients in cool-season 
grass pastures. The production of cool-season grass pastures tends to decline in the warm, 
dry summers of Iowa. The temperature optima of legumes, however, are greater than that of 
cool-season grasses, and as grasses go dormant in summer, legumes continue to grow 
(Nelson and Moser, 1994). Sleugh et al. (2001) showed that in grass-legume mixtures the 
yield of digestible dry matter and crude protein is greater while the concentration of neutral 
detergent fiber is less at later harvests throughout a growing season. This occurred because 
legumes, as a percentage of the dry matter in the mixtures, were greater as the season 
progressed. 
The availability of soil N limits the productivity of pastures, and to achieve maximum 
yields, livestock producers are advised to fertilize pastures with N (Follett and Wilkinson, 
1995). Biological N fixation, however, can reduce the N fertilization requirements of 
pastures. Legumes fix atmospheric N? through a symbiotic relationship with rhizobium 
bacteria. The amount of N fixed is correlated positively with the accumulation of legume dry 
matter in pasture swards (Heichel and Henjum, 1991). In a 4-year experiment, the most 
productive legume, alfalfa, fixed on average 182 kg N ha"1 season"1, and the least productive 
legume, white clover, fixed 7 kg N ha*1 season*1. By the fourth year, N fixation accounted 
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for > 90% of legume N (Heichel and Henjum, 1991). Nitrogen fixation allows legumes to be 
self-sufficient forN (Heichel, 1985). 
Legumes increase the mineralization and availability of N in pastures. The 
decomposition of organic matter by soil microbes results in NH*. This NH* may be 
transferred to other plants, converted to NO3, volatilized, or be immobilized by 
microorganisms. The carbon to nitrogen ratio of plant residues affects the amount of N that 
is immobilized. Legume tissues have a smaller C/N ratio than grass tissues, allowing more 
nitrogen to be mineralized and become available (Gil and Pick, 2001). Soil inorganic N was 
two-to-three fold higher under legume-eastern gamagrass mixtures than monocultures of 
eastern gamagrass (Gil and Pick, 2001). Nitrogen mineralization was 35 to 100 kg ha"1 under 
alfalfa, 15 to 62 kg ha"1 under legume-eastern gamagrass mixtures, and 2 to 15 kg ha*1 under 
monocultures of eastern gamagrass (Gil and Pick, 2001). 
Decomposition of legume leaf residues, roots, and nodules also improves the N 
concentration of coexisting grasses. Nitrogen transfer from associated legumes has been 
shown to account for 27 to 79% of N uptake by grasses (Brophy et al., 1987; Heichel and 
Henjum, 1991; Walley et al., 1996). Grasses also derive more of their N from legume 
transfer as the growing season progresses because of increased depletion of soil N, greater N 
fixation by the legumes, and greater intermingling legume and grass roots (Brophy et al., 
1987). Nitrogen transfer occurs maximally in areas of high legume to grass ratios and at 
distances up to 20 cm (Brophy et al., 1987). Concentration of N in tissues of meadow 
bromegrass intercropped with alfalfa were greater than those of meadow bromegrass 
monocultures (Walley et al., 1996). 
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Legumes are an important component of pasture systems because of their benefits to 
the production of livestock. In Southern Iowa pastures, seeding legumes especially kura 
clover with cool-season grass pastures improved the average daily gain of young beef cattle 
versus cool-season grass only pastures (White et al., 2002). Livestock utilize energy from 
legumes at a greater efficiency than from grasses (Buxton and Mertens, 1995). The greater 
efficiency of energy utilization may result from differences in protein absorption or the 
fraction of digested organic matter that is derived from cell walls (Buxton and Mertens, 
1995). Cell walls contribute about 30% of the digested organic matter of legumes compared 
with about 50% for grasses (Buxton and Mertens, 1995). Greater cell wall concentrations in 
grasses compared to that of legumes also results in greater gut fill and reduced energy intake 
by livestock (Buxton and Mertens, 1995). 
Species Diversity and Composition 
In recent years, ecologists have debated about the importance of species diversity to 
ecosystem productivity and stability (Kaiser, 2000; McCann, 2000). Tilman et al. (2001) 
recently showed that aboveground and total biomass yields increase as the number of plant 
species increase in grassland ecosystems. During a 7-year experiment that treated species 
richness as the independent variable, plots with 16 species had 22% greater aboveground 
biomass and 27% greater total biomass than plots with 8 species (Tilman et al., 2001). 
Similar results were found in grasslands across Europe; on average, plots with less plant 
diversity produced less aboveground biomass (Hector et al., 1999). These ecologists argue 
that these experiments show that the productivity of ecosystems is dependent on species 
diversity. 
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They explain that niche complementarity is the mechanism by which diverse plant 
communities are able to coexist and produce more biomass than less diverse communities. 
Niche complementarity results from interspecific differences in resource requirements, 
spatial and temporal variability in resource and habitat use, and positive interactions between 
plant species (Tilman et al., 2001). Niche complementarity allows species-rich mixtures to 
capture and use resources more completely and have greater productivity than less diverse 
versions or monocultures of any individual species (Hector et al., 1999; Tilman et al., 2001). 
Diverse plant communities also have been hypothesized to be more stable than less 
diverse communities. Tilman (1996) showed that stability or year-to-year variability in total 
aboveground plant biomass was less in plots with greater plant species richness. Stability 
results from compensatory increases by some species when the abundances of others 
decrease. These compensatory responses also enable species rich sites to be more productive 
in response to physical stress than less diverse sites (Mulder et al., 2001). When disturbances 
or physical stresses occur, tolerant species compensate via competitive release for decreased 
abundances of disturbance-susceptible species (Tilman, 1996). 
Species rich grasslands may also be more resistant to invasion by weeds and 
outbreaks of pests (Purvis and Hector, 2000). Tilman (1997) demonstrated that the 
establishment of additional plant species through direct seeding in species-rich grassland 
sites was less than in species-poor sites. Resistance to invasion by weeds or outbreaks of 
pests by diverse plant communities probably results from similar mechanisms as those that 
promote greater productivity in diverse plant communities (Purvis and Hector, 2000). 
Species that seem functionally redundant under constant conditions also may respond 
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differentially to perturbations and improve stability of ecosystems under variable conditions 
such as drought (McCann, 2000; Mulder et al., 2001). 
To some ecologists the evidence that species diversity causes increased productivity 
and ecosystem stability remains weak and is an artifact resulting from a mechanism called 
the sampling effect. Within experiments that treat species richness as the independent 
variable, the sampling effect is that species-rich plots yield greater aboveground biomass 
than less diverse plots because they have a greater probability of having productive or 
functionally important species than species-poor plots (Aarrsen, 1997). These ecologists 
suggest that variation in ecosystem productivity and stability is related to differences in the 
functional characteristics, especially resource capture and utilization, of the dominant plant 
species rather than species number (Grime, 1997; Huston, 1997). 
Ecologists recognize that species composition is just as important to the productivity 
and functioning of ecosystems as species diversity. Increases in functional group diversity 
improved the productivity and N concentration of aboveground biomass and retention of soil 
NO3 and NH4 in grassland ecosystems (Tilman et al., 1997). A key characteristic of the 
sampling effects model is that no higher diversity plot should be more productive than the 
most productive species growing in monoculture (Aarrsen, 1997; Huston, 1997; Tilman, 
1999). Tilman et al. (2001) and Hector et al. (1999), however, show that species diversity in 
addition to species composition is important to the productivity of grassland ecosystems. 
Grasslands with 16 species had 39% greater aboveground biomass and 42% greater total 
biomass than the average of the single best species grown in monoculture (Tilman et al., 
2001). Similar results in European grasslands showed that aboveground biomass yields of 
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species-rich plots relative to the greatest-yielding monocultures became more similar as 
species diversity declined (Hector et al., 1999). 
Topography, Soils, and Productivity 
Within agricultural landscapes, positions with lower elevation and lesser slope tend to 
produce greater yields of grain and forage than positions with higher elevations and greater 
slopes. Grain yields were frequently greater on positions with lower elevation than positions 
with higher elevations and negatively correlated with slope in corn and soybean fields in 
Illinois (Kravchenko and Bullock, 2000). In semi-arid grasslands in Spain, upper slope 
zones produced on average 178 g m2 less biomass than lower slope zones (Perez Corona et 
al., 1995). Lowland sites also have greater aboveground productivity than upland sites in 
tallgrass prairie in Kansas (Turner et al., 1997). 
Vegetation of lower slope positions consists of a greater percentage of grasses than 
upper slope positions. In semi-arid grasslands in Spain, Perez Corona et al. (1995) found 
grasses consisted of 62% of the dry matter in lower slope positions compared to 31% in 
upper slope positions. Legumes did not differ between slope positions. Forbs, however, 
comprised 51% of the dry matter in upper slope positions versus 17% in lower slope 
positions. Forage yield was positively correlated with the percentage of grasses and 
negatively correlated with the percentage of forbs (Perez Corona et al., 1995). 
Aspect may also affect forage yields and soil properties. For Kentucky bluegrass 
pastures, yields of aboveground biomass on north-facing slopes were greater than on south-
facing slopes. These results were attributed to a greater availability of soil moisture and 
lower soil temperatures on north-facing slopes than on south-facing slopes (Bennett et al., 
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1972). In a study conducted in southeast Nebraska, soils on north-facing slopes had twenty 
percent more water available than soils on south-facing slopes at planting and throughout the 
year (Hanna et al., 1982). In Appalachia where slopes range from 3 to 60%, aspect is a large 
driver of production differences and botanical composition of pastures. Northeast-facing 
sites, which have the greatest slope, shallowest soils, and least incident radiation, also have 
the lowest productivity. On the northeast-facing sites, grasses represented a greater 
proportion of herbage than other sward components (Belesky et al., 2002). Aspect did not 
affect legume establishment, diversity, or forage yields in legume-grass pastures in Iowa 
(Harmoney et al., 2001 ). 
Topography influences soil formation and morphological attributes. Soil formation is 
a function of five factors: climate, time, organisms, topography, and parent material (Jenny, 
1980). When differences between soils are due to topography, not necessarily organisms, 
parent material, climate, or time, the soils are said to form a toposequence. An example of a 
toposequence is the shortgrass steppe in Eastern Colorado, where soils have been formed by 
erosion and deposition of sediment from summit and backslope positions to footslope 
positions (Schimel et al., 1985). Along a toposequence, landscape positions differ in soil 
properties such as texture, organic matter, nutrients, pH, and moisture availability. 
Sediments erode from summit and backslope positions and deposit on footslope and 
toeslope positions. In the shortgrass steppe of eastern Colorado, clay sized particles have 
moved selectively downslope (Schimel et al., 1985). At sites located in eastern Nebraska, 
however, the percentage of sand and silt generally increased downslope while the percentage 
of clay decreased (Brubaker et al., 1993). Clay sized particles influence the accumulation 
and mineralization of C and N in soils (Schimel et al., 1985). 
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Organic matter tends to be greater on landscape positions that have minimal slope. In 
the shortgrass steppe of eastern Colorado, organic C, N, and P and total P mass followed 
trends in soil depth, biomass production, and clay accumulation, increasing from summits to 
footslopes (Schimel et al., 1985). Organic matter was also greater at positions with lower 
elevations and moderate slopes in corn and soybean fields in Illinois (Kravchenko and 
Bullock, 2000). Soil organic carbon contents reflect trends in biomass production or carbon 
input to the soil (Schimel et al., 1985). 
Contrasting results have been found concerning the availability of N across landscape 
positions. Turner et al. (1997) hypothesized that landscape-scale patterns of N availability 
would correspond strongly to landscape-scale patterns in production in Kansas tallgrass 
prairie. Results were to the contrary; aboveground biomass yields were inversely related to 
topographic patterns of N availability. N mineralization was up to five times greater on 
upland sites than lowland sites (Turner et al., 1997). In shortgrass steppe in Colorado, 
however, nitrogen mineralization and total N mass followed similar patterns as biomass 
itself, increasing from upper slope positions to lower slope positions (Schimel et al., 1985). 
Mineralization, expressed as a percentage of total N, however, was greater on summit than 
toeslope positions suggesting that despite greater N availability on toeslope positions, 
turnover of N is greater on summit and backslope positions (Schimel et al., 1985). 
Site, landscape position, and management may influence the availability of P and K. 
In the shortgrass steppe of Colorado, P availability reflected trends in clay particle 
distribution, increasing downslope from 13 kg ha*1 on summits to 267 kg ha*1 on toeslopes 
(Schimel et al., 1985). Along hillslopes in eastern Nebraska, P was not affected by landscape 
position but the availability of K decreased downslope. Both, however, appeared to be 
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influenced by management (Brubaker et al., 1993). P, K, and cation exchange capacity 
(CEC), however, were not correlated with elevation or slope in the majority of crop fields in 
Illinois (Kravchenko and Bullock, 2000). 
Soil water content tends to increase from summit positions to toeslope positions. In 
eastern Nebraska, soils on footslopes and backslopes contained an average of 4 cm more 
available water than soils on the summits and shoulders (Hanna et al., 1982). Spatial 
variation in soil water availability related to soil depth and drainage patterns was the primary 
mechanism causing topographic differences in plant community composition and 
aboveground net primary productivity in Kansas tallgrass prairie (Knapp et al., 1993). 
Nitrogen 
Nitrogen fertilization favors the grass component of grass-legume swards. In 
Northeastern US pastures, fertilization at 90 kg ha"1 N reduced the percentage of clover in 
swards by 50% in April and May and by 30% over the whole growing season (Stout et al., 
2001). The percentage of clover in fertilized plots, however, was similar to unfertilized plots 
by the end of the year (Stout et al., 2001). When N fertilization increased from 0 to 180 kg 
ha"1 in European grasslands, dry matter yields of grasses increased from 5.2 to 8.8 t ha"1 
while dry matter yields of legumes decreased from 5.7 to 2.3 t ha*1 (Elgersma et al., 2000). 
Nitrogen fertilization is not recommended to maintain legumes in pastures (Heichel, 1985). 
Nitrogen fertilization favors the grass component of a mixed grass-legume sward by 
increasing its competitiveness for light, nutrients, and water. The position of leaves in a plant 
canopy differs between grasses and legumes. Grasses tend to have erectophile leaves that are 
vertically inclined, and legumes have planophile leaves that are horizontally positioned in 
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plant canopies. Erectophile leaves are an advantage in tall plant canopies because they allow 
a more even distribution of light (Haynes, 1980). Planophile leaves are highly effective at 
absorbing light in short plant canopies, but in tall canopies, these leaves are more prone to be 
shaded (Haynes, 1980). Thus, grasses tend to be better competitors for light when N fertility 
encourages taller and more productive plant canopies. 
Grasses are also better competitors for inorganic soil N than legumes. Grasses have a 
greater relative growth rate than legumes in areas with high soil N availability. In areas with 
low soil N availability, legumes are more competitive because they can supplement mineral 
N uptake with Ni fixation (Schwinning and Parsons, 1996). Nodule formation and N? 
fixation of legumes also is inhibited by high soil N availability (Heichel, 1985) 
Nitrogen fertilization reduces species richness and heterogeneity of grassland 
vegetation. On average, > 60% of species were displaced after three years of N application 
at 27 g m"2 yr"1 (Tilman, 1987). Similar results were found after nine years of N-enrichment 
at 10 g m"2 yr*1 in annually-burned, tallgrass prairie in Kansas (Collins et al., 1998). Grasses 
accounted for > 95% of the vegetation in the N-enriched plots compared to 68% in control 
plots (Collins et al., 1998). After 11 years of N addition to old fields and savanna in 
Minnesota, plots that received different amounts of nitrogen diverged in species composition. 
In plots that received the same amounts of nitrogen, species composition converged or 
became more similar (Inouye and Tilman, 1995). 
Decreased diversity in N-enriched plots is caused as much by lower rates of species 
gain as by greater rates of loss of existing species (Tilman, 1993). In an experiment 
conducted in grasslands in Minnesota, aboveground productivity, as influenced by N 
fertilization, did not directly affect plant species diversity. Nitrogen fertilization influenced 
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species richness indirectly through the build up of litter. Species richness was dependent on 
litter mass and on light penetration but not on aboveground living plant mass. Litter 
accumulated and lowered light penetration and possibly inhibited germination and/or survival 
of seedlings, thus decreasing rates of establishment by new species (Tilman, 1993). 
Grazing 
Grazing tends to increase plant diversity in native grasslands. Managers have used 
burning to maintain plant species diversity in native grasslands, and loss of plant diversity 
particularly short, small-seeded, and nitrogen-fixing plants from remnant prairies in 
Wisconsin has been said to occur because of its absence (Leach and Givnish, 1996). Collins 
et al. (1998) concluded, however, that burning of native grasslands, alone, does not prevent 
the loss of plant diversity. They showed that burning reduced species richness by increasing 
the dominance of C4 grasses. Diversity, however, was maintained when these grasslands 
were grazed (Collins et al., 1998). In a second experiment, these authors evaluated the 
interactive effects of mowing, burning, and the addition of N at 10 g m"2 yr"'. After 9 years, 
they found that plant diversity declined by 48% in plots that were burned and N-enriched. 
Mowed, burned, and N-enriched plots, however, had nearly twice the species than the burned 
and N-enriched plots. These authors attributed the increase in diversity to increased 
availability of light and concluded that mowing or grazing prevents the loss of diversity 
under conditions that otherwise lead to a reduction in plant diversity (Collins et al., 1998). 
Cattle are selective grazers, and they create patchiness in plant communities through 
defoliation, trampling, and the excretion of manure and urine (Steinauer and Collins, 1995). 
The patches differ in degrees of utilization and forage quantity and quality, and as grazing 
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pressure increases, the percentage of heavily utilized patches increases (Cid and Brizuela, 
1998). Short, prostrate-growing, and grazing-tolerant plant species tend to be adapted to 
such patches. After five years of continuous stocking, the production of shortgrasses 
increased as stocking rate increased in tallgrass prairie in Oklahoma (Gillen et al., 1998). In 
tallgrass prairie in Kansas, continuous stocking of bison at 5 to 9 AU ha"1 increased the 
percentage cover of shorter-stature, cool-season forage grasses and decreased the cover of 
taller, warm-season perennial grasses compared to nongrazed prairie (Hartnett et al., 1996). 
Grazing effects often depend on the rate and method of stocking, the frequency and 
intensity of defoliation, plant species being grazed, and the environmental conditions of the 
site. Continuous stocking methods allow livestock continuous and unrestricted access to a 
range or pasture throughout a year or grazing season (Forage and Grazing Terminology 
Committee (FGTC), 1991). With continuous stocking, the number of animals may be fixed 
or variable throughout the grazing season (Matches and Burns, 1995). Rotational stocking is 
the grazing of two or more paddocks in sequence followed by a rest period. The rest period 
is to allow for recovery and regrowth of the grazed herbage (FGTC, 1991). Continuous 
stocking requires less input costs and fewer management decisions than rotational stocking. 
However, plant persistence, opportunities to conserve forage, and timing of forage utilization 
relative to maturation is usually greater when rotational stocking methods are practiced 
(Matches and Burns, 1995). 
Stand persistence of forage legumes is a major factor limiting the adoption of 
legumes in pasture production systems. Under good conditions, individual legumes vary in 
lifespan from two to three years for red clover to five to six for alfalfa (Beuselinck et al., 
1994). Persistence is dependent upon the ability of the plant to compete with grass species, 
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recover from grazing or harvesting, grow in low fertility and/or acidic soils, tolerate 
environmental stress, survive winter, and resist insect and disease pressure. Legumes, 
however, were never a dominant component in native grasslands, and attempts to sustain 
their production at high levels in managed pastures represents a situation that "may be 
viewed as an attempt to sustain a nonequilibrium condition" (Beuselinck et al., 1994; 
Hochman and Helyar, 1989). Viewed in this context, stand persistence is a condition, 
defined by individual judgment, where desired species constitute a given density based on 
performance expectations under a given ecosystem and management situation. 
Forage legumes exhibit a variety of life histories that include: perennials, biennials, 
winter annuals, and summer annuals. These legumes, however, can generally be classified 
into groups based on their longevity and primary mode of persistence in pastures (Beuselinck 
et al., 1994). Crown-forming or upright-growing legumes persist in pastures by developing a 
deep taproot and a large number of crown buds, and storing a large concentration of 
carbohydrates and proteins in roots (Beuselinck et al., 1994). Common examples are red 
clover, alfalfa, and birdsfoot trefoil. Clone formers are low growing plants that spread by 
stolons or rhizomes. Stolons or rhizomes do not live longer than one to two years, and 
persistence of clone formers is dependent on colonization of new areas through initiation and 
growth of new stolons or rhizomes (Beuselinck et al., 1994). White clover is a clone-forming 
legume that spreads above ground by stolons, and kura clover is a rhizome-spreading 
legume. Reseeding annuals and biennials constitute the last group. These legumes only 
persist in management systems that allow the plants to flower, set seed, and establish a 
seedbank (Beuselinck et al., 1994). The most common examples in Iowa pastures are the 
crown-forming biennials, yellow and white sweetclover. The ability of the seedbank to 
provide a source of desirable legume stands has not been demonstrated (Barrett and Silander 
Jr., 1992; Tracy and Sanderson, 2000). 
Upright-growing or crown-forming legumes tend to be more susceptible to damage 
by grazing versus those with creeping stems (Haynes, 1980). Adaptation to grazing in these 
species depends on the position of the crown within the pasture sward. If a high proportion 
of shoots and their associated axillary buds are accessible to defoliation by the grazing 
animal, then the plant will require a longer period of time to recover stored carbohydrates and 
proteins depleted from roots (Haynes, 1980). Upright growth habits are advantageous over 
that of prostrate-growth habits whenever the grazing interval is long enough or grazing 
heights tall enough to allow grasses to shade prostrate-growing legumes. Clone formers are 
difficult to establish initially but are tolerant of heavier grazing pressures and recover faster 
from grazing or cutting than upright-growing legumes (Beuselinck et al., 1994). Shoot 
meristems of clone formers are located close to the soil surface, below the depth normally 
reached by grazing. Thus, both tillers and expanding leaves are able to continue growth 
following defoliation (Haynes, 1980). 
In Minnesota, cool-season grass pastures renovated with legumes and managed with 
rotational stocking, 0.85 ton acre*1 more forage was produced per grazing season when 
residue heights following grazing were 4 to 8 in compared to 2 to 4 in (Cuomo et al., 1999). 
After three seasons of rotational stocking, residue height did not affect species composition 
of these pastures, but alfalfa and red clover persisted, producing > 25% of the dry matter 
(Cuomo et al., 1999). In an experiment conducted in rotationally stocked Northeastern US 
pastures, grazing from 27 to 7 cm heights produced 50% more forage at each grazing event 
and 23% more total live herbage than grazing from 20 to 5 cm heights (Carlassarre and 
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Karsten, 2002). Taller grazing heights increased the percentage of upright growing species 
like orchardgrass, red clover, and alfalfa in harvested herbage compared to shorter grazing 
heights, which increased the percentage of prostrate-growing species like white clover 
(Carlassarre and Karsten, 2002). 
It was once thought that alfalfa could tolerate intense defoliation but not frequent 
defoliation. In Wisconsin, alfalfa produced high yields when harvested at heights as low as 5 
cm as long as defoliation occurred only three times per growing season (Smith and Nelson, 
1967). Alfalfa produced new growth from nodes on the stem bases as the tops approached 
maturity (Smith, 1962). When defoliation was more frequent than three harvests per growing 
season or when alfalfa was cut at an early stage of maturity, regrowth was slow because buds 
on the lower parts of shoots were not well developed, and carbohydrate reserves in the roots 
were low (Smith and Nelson, 1967). Stubble height was important to the regrowth of alfalfa 
only when cutting was so frequent that carbohydrate storage in roots was low (Smith and 
Nelson, 1967). 
However, cultivars of alfalfa tolerant of frequent defoliation with yields comparable 
to less frequently cut cultivars have been developed recently. These cultivars are tolerant of 
continuous stocking, in which plants are defoliated as many as 8 to 10 times per growing 
season (Brummer and Bouton, 1991). These cultivars produce many stems and crown buds, 
intermediate decumbency, and stubble with high leaf area and dry matter. Grazing-tolerant 
cultivars may also depend less on total nonstructural carbohydrates for regrowth and 
respiration compared to intolerant cultivars (Brummer and Bouton, 1992). The persistence of 
hay-type and grazing-tvpe cultivars was evaluated in a season-long rotational and mid-to-
late-season only rotational stocking system (Hermann et al., 2002). Graze and hay-type 
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cultivars were similar in persistence in either full season or mid-late-season grazing systems, 
and persistence of both cultivars was significantly less under season-long compared to mid-
to-late season only system (Hermann et al., 2002). 
Birdsfoot trefoil is adapted to frequent but not intense defoliation. In experiments in 
Wisconsin, regrowth of birdsfoot trefoil following defoliation arose predominantly from 
upper axillary buds (Smith, 1962; Nelson and Smith, 1968). Spring was the only time in a 
growing season when birdsfoot trefoil produced growth from the crown (Smith, 1962). If 
leaves were removed by cutting or defoliation at heights of 5 cm, regrowth was initiated from 
crown buds or lower axillary buds (Smith and Nelson, 1967). Few crown buds and lower 
axillary buds developed into shoots during the growing season, however (Nelson and Smith. 
1968). Maintenance of stubble leaf area was necessary to produce energy needed for 
regrowth following defoliation of birdsfoot trefoil at heights of 5 cm (Smith and Nelson, 
1967). 
The productivity of red clover tends to be greatest when harvested three times per 
growing season. Within a growing season at Madison, WI, red clover produced three 
separate growths from the crown (Smith, 1962). In a similar study, red clover cultivars were 
shown to be similar in productivity and persist under a hay system when harvested three 
times and when growth stages were in 20 to 40% bloom (Wiersma et al., 1998). In pastures 
managed with a continuous stocking system, the proportion of legume dry matter consisting 
of red clover declined from 250 g kg*1 in the first year following seedling to 145 g kg*1 by the 
second year, but increased in pastures managed with rotational stocking from 347 g kg*1 in 
the first year following seeding to 446 g kg"1 by the third year (Harmoney et al., 2001). 
Despite its availability being considerably lower than other legumes, cattle have shown 
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preference for red clover in pastures, selecting it in quantities equal to other legumes 
(Forwood et al., 1989). 
White clover persists well under continuous stocking (Brummer and Moore, 2000). 
Small-leaved cultivars of white clover, however, are better adapted to continuous stocking 
than large-leaved cultivars (Kang and Brink, 1995). A positive correlation exists within 
white clover between stolon proliferation and persistence, and stolon growth rate is inversely 
related to leaf size. At 28-day harvest intervals, large-leaved cultivars have greater yields 
than small-leaved cultivars (Kang and Brink, 1995). Within pastures managed with 
continuous stocking, the proportion of legume dry matter consisting of white clover 
increased from 401 g kg*1 in the first year following seeding to 732 g kg*1 by the third year, 
but decreased in pastures managed with rotational stocking from 233 g kg*' in the first year to 
136 g kg"1 by the second (Harmoney et al., 2001). 
Kura clover produces high quality forage and remains productive under frequent and 
close defoliation. Under continuous stocking, kura clover had excellent yields and persisted 
better than alfalfa, birdsfoot trefoil, and red clover (Brummer and Moore, 2000). Kura clover 
may be slow to establish, but creeping ability may deem it useful in older stands (Cuomo et 
al., 2001). When herbage allowance was high, kura clover provided lamb gains per hectare 
and animal days per hectare equal to or greater than birdsfoot trefoil (Sheaffer et al., 1992). 
Because kura clover has an extensive crown-rhizome-root system and residual leaf area 
remains after defoliation, kura clover maintains adequate total nonstructural carbohydrate 
concentrations under a range of defoliation regimes (Peterson et al., 1994). 
CHAPTER 3. EMERGENCE AND SURVIVAL OF LEGUMES SEEDED INTO 
PASTURES VARYING IN LANDSCAPE POSITION 
A paper submitted to Crop Science 
John A. Guretzky. Kenneth J. Moore, Allen D. Knapp, and E. Charles Brummer1 
Abstract 
Landscape position affects the abundance and diversity of legumes that establish in 
cool-season grass pastures. We conducted this study to: (i) determine the roles of emergence 
and survival on establishment of legumes on summit and backslope positions and (ii) 
examine how competition as influenced by sward-cutting height and N fertility affects 
legume emergence, survival, and diversity across these positions. We seeded a legume 
mixture composed of red clover (Trifolium pratense L.), alfalfa (Medicago sativa L.), and 
birdsfoot trefoil (Lotus corniculatus L.) into an existing cool-season grass pasture at Rhodes, 
Iowa, in 1998 and 1999. Treatments consisted of two landscape positions (summit and 
backslope), four N fertility rates (0, 22,44, and 89 kg ha"1), and three sward heights (uncut, 5, 
and 13 cm). Landscape position did not affect emergence when swards were cut at 5 cm. At 
this height, however, survival differed between landscape positions. On summits, 62 plants 
m"2 survived versus 183 plants m"2 on backslopes. In uncut swards, 4 plants m"2 survived on 
summits, and 26 plants m"2 survived on backslopes. On backslopes, N reduced survival from 
130 plants m"2 at 0 kg ha"1 to 39 plants m"2 at 89 kg ha*1. Survival was minimal at all N rates 
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on summits. Increased sward height and N fertility also reduced the diversity of legumes that 
survived. Our results show that survival, more than emergence, limits the establishment of 
legumes on summit positions in pastures. The establishment of legumes is successful on 
backslopes because of less competition from grass. We recommend that legumes be seeded 
on backslope positions in pastures, N fertilizer not be applied, and grass competition be 
reduced before seeding legumes in pastures. 
Introduction 
Legumes improve the production and nutritional value of forage in cool-season grass 
pastures. Pastures composed of grass and legumes produce more dry matter than grass-only 
pastures (Taylor and Allinson, 1983). Through symbiotic Ni fixation with rhizobial bacteria, 
legumes increase soil mineral N (Heichel, 1985). The transfer of N, from the decomposition 
of roots and leaf residues of legumes, improves the nutritional value and growth of the grass 
(Heichel and Henjum, 1991). Legumes are also higher in crude protein than are grasses (Van 
Soest, 1982), and their establishment with cool-season grasses can improve the seasonal 
distribution of forage growth and quality in pastures (Sleugh et al., 2000). 
Harmoney et al. (2001) found the ability of legumes to establish in pastures depends 
on the landscape position. Legumes contributed more of the forage production and diversity 
of legumes was greater on backslope than on summit or toeslope positions (Harmoney et al., 
2001). The proportion of dry matter comprised of legumes also was related linearly to 
diversity of leguminous species in pastures (Harmoney et al., 2001). Why legume 
establishment differed among summit and backslope landscape positions was not clear, 
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although, differential competitive pressures from established grasses may have been the 
cause. 
Competition from grass often limits the establishment of legumes in pastures. 
Previous researchers have noted that herbicide-suppression of grass competition is necessary 
for successful establishment of legumes in pastures (Cuomo et al., 2001; Oroya and Sheaffer, 
1981). Establishment also can be successful in pastures in which competition is reduced by 
cutting swards to low heights before seeding legumes (Taylor and Allinson, 1983). Soil N 
availability influences grass-legume competition. Grasses have a greater relative growth rate 
than legumes in areas with high soil N availability. In areas with low soil N availability, 
legumes are more competitive because they can supplement mineral N uptake with 
fixation (Schwinning and Parsons, 1996). 
Because competition from grass often limits the establishment of legumes in pastures 
across Midwest landscapes, we were interested in how factors that influence competition 
between grasses and legumes would affect the establishment of legumes in pastures that 
varied in landscape position. Thus, our objectives for this research were to: (i) determine the 
roles of emergence and survival on establishment of legumes on summit and backslope 
positions in pastures and (ii) examine how sward height and N fertility affect emergence, 
survival, and diversity of legumes on these positions. To address these objectives, we 
conducted an experiment in which red clover (Trifolium pratense L. 'Marathon'), alfalfa 
(Medicago sativa L. 'Alfagraze'), and birdsfoot trefoil (Lotus corniculatus L. 'Norcen'), 
were interseeded in a cool-season grass pasture with different landscape positions, N fertility 
rates, and sward heights. 
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Materials and Methods 
This experiment was conducted at the Iowa State University Rhodes Research Farm 
(4I°52' N, 93°10' W). Red clover, alfalfa, and birdsfoot trefoil were seeded as a mixture by 
using a cone-seeder (Almaco, Nevada, LA) into a cool-season grass pasture composed of 
three cool-season grasses: smooth brome (Bromus inermis L.), Kentucky bluegrass (Poa 
pratensis L.), and reed canary grass (Phalaris arundinacea L.). Each legume was seeded at 
647 seeds m"2, corresponding to 12.6 kg ha"1 red clover, 13.9 kg ha"1 alfalfa, and 9.8 kg ha"1 
birdsfoot trefoil. Germination within the seed lots ranged from 80 to 85% for 'Marathon' red 
clover, 61 to 80% for 'Norcen' birdsfoot trefoil, and 87 to 88% for 'Alfagraze' alfalfa. Hard 
seed ranged from 6 to 10% for red clover, 13 to 22% for birdsfoot trefoil, and 2 to 3% for 
alfalfa. The legumes were seeded in small plots, 1.4 m2 in 1998 and 2.8 m2 in 1999, to 
facilitate counts of emergence and survival under several treatments. 
Pasture treatments included two landscape positions (summit and backslope), four N 
fertility rates (0,22,44, and 89 kg ha"1), applied as NH4NO3, and three sward heights (uncut, 
5, and 13 cm above the soil). Backslopes had west-facing aspects and 10% slopes. Summits 
had zero aspect and slope. In the years before this experiment, the pastures were fertilized 
annually in the spring with N, P, and K at 77,26, and 34 kg ha"1, respectively, cut once for 
hay, and grazed by cattle July through August. 
Plots were seeded on 28 April 1998 and 20 May 1999. Nitrogen treatments were 
applied 1 d before planting on 27 April 1998 and 36 d before planting on 26 April 1999. 
Rain delayed planting following N application in 1999. The sward-height treatments 
consisted of mowing and raking off the fresh grass on several dates before and after seeding. 
Each year, mowing was terminated before the legume seedlings reached 5 cm in height. 
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Cutting dates in 1998 were: 27 April, 7 May, 19 May, and 19 June for the 5-cm height 
treatment and 7 May, 19 May, and 19 June for the 13-cm height treatment. In 1999 the 
cutting dates were: 26 April, 21 May, and 7 June for the 5-cm height and 21 May and 7 June 
for the 13-cm height. Uncut swards were not mowed until August of each year. In August 
all plots were mowed at 13 cm. 
We report legume emergence as a percentage of seed sown, calculated by dividing the 
total number of emerged legume seedlings within a 0.1-m"2 subplot by the total number of 
seeds sown. Counts were conducted over two weeks each spring. Seedling survival was 
counted in a different 0.1-m"2 subplot in June, July, and Aug. These data represent survival 
on the final sampling date, 15 Aug. 1998 and 1999, 109 d after planting in 1998 and 87 d 
after planting in 1999. We used a LAI-2000 Plant Canopy Analyzer (LI-COR, Lincoln, NE) 
to measure leaf area index (LAI) of the grass swards. The LAI was measured on 28 May 
1998 and 22 June 1999, before the legumes produced appreciable leaf area. 
The statistical model for the experiment was: 
Y ,jicim = H- + Y, + Ly + YL,y + Rf^ *+ N; + YN,/ + LN,v + YLNy/ + RN *^/ + Hm + YH,m -r LHym +• 
YLH,ym + RH t^e + NH/m + YNH,/m + LNHy/m + YLNH,y/m + RNH^Wm 
where 
H = Overall mean, 
Yt = Years (1998 and 1999), 
Ly = Landscape positions (summit and backslope), 
R<ij)k = Replications nested within years and landscapes, 
N/ = Nitrogen rates (0,22,44, 89 kg ha"1), and 
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Hm = Sward heights (uncut, 5, and 13 cm). 
We conducted this experiment in a randomized complete block with four replications 
occurring within each landscape position and year. In each replication, N and sward-height 
treatments were arranged in a split-split plot. We considered the effects of landscape 
position, N, and sward height fixed and the effects of years and replications random. We 
conducted an analysis of variance to test these effects by using F-ratios for split-plot 
experiments arranged in a randomized complete block design (Mcintosh, 1983). 
Significance was defined at P < 0.05. 
Results 
Landscape position and sward height effects 
In plots cut at 5 and 13 cm, emergence of legumes was similar between summit and 
backslope landscape positions (Table 3.1). An interaction of year, landscape position, N 
fertility, and sward height occurred, however. On summits in 1999, the emergence of 
legumes in plots cut at 5 cm was greater at all N fertility rates compared to uncut swards. 
However, in uncut swards on backslopes, the emergence of legumes was reduced only when 
N was applied from 22 to 89 kg ha*1 (Table 3.1). 
Survival of legumes in plots cut at 5 and 13 cm was greater on backslope than on 
summit positions (Table 3.2). An interaction of year, landscape position, and sward height 
occurred for survival, however. In plots cut at 5 cm on backslopes, survival of legumes 
increased by 44% from 1998 to 1999. In plots cut at 5 cm, legume survival on backslopes, 
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however, was 69 plants m"2 in 1998 and 173 plants m"2 in 1999 greater than on summits. 
Survival of legumes was similar between summits and backslopes in uncut swards. 
Landscape position and N effects 
Application of N fertilizer reduced survival of legumes on both summit and backslope 
landscape positions. Legume survival, however, was affected by an interaction of landscape 
position and N fertility rate. Survival declined by 70% on backslopes and 48% on summits 
when N rates increased from 0 to 89 kg ha"1 N (Fig. 3.1). The difference in legume survival 
between summit and backslope landscape positions was greatest at 0 kg ha"1 N. At 89 kg ha"1 
N, legume survival on backslopes differed from summits by only 18 plants m"2. 
Sward height and N effects 
The emergence of legumes was similar among all sward heights and N fertility rates 
in 1998. In 1999, increasing N fertility or sward height reduced emergence. This effect, 
however, was greater in 13-cm and uncut swards than in plots cut at 5 cm. On both 
landscape positions in 1999. < 20% of legumes emerged in 13-cm and uncut plots when N 
was applied at 89 kg ha*1 (Table 3.1). In plots cut at 5 cm, emergence remained above 42% 
at all N fertility rates on both landscape positions in 1999 (Table 3.1). 
The effect of N fertility on legume survival also varied with year and sward height. 
In 1998, N decreased survival of legumes at all sward heights (Table 3.2). Like emergence, 
N further enhanced the negative effect of 13-cm and uncut sward heights on survival. When 
N was applied at 89 kg ha*1, only 22 plants m"2 survived in 13-cm swards and 0 plants m*2 
survived in uncut swards in 1998 (Table 3.2). In 1999, an interaction between sward height 
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and N occurred. Nitrogen increased survival from 155 plants m*2 at 0 kg ha"1 N to 217 plants 
m"2 at 22 kg ha"1 N in swards cut at 5 cm (Table 3.2). In 13-cm and uncut swards, the 
negative effect of N on survival in 1999 was similar to 1998. 
Increases in sward height and N fertility reduced the diversity of the surviving 
legumes (Fig. 3.2). Red clover, alfalfa, and birdsfoot trefoil survived when the swards were 
cut at 5 cm. Across N rates, usually only red clover survived in uncut swards. There was no 
interaction of sward height and N. Across sward heights, two legume species survived at 0 
kg ha"1 N and one at 89 kg ha"1 N. Year and landscape position did not affect the diversity of 
surviving legumes. Red clover had the greatest survival of the legumes under all treatments 
(data not shown). When N was 0 kg ha"1 and swards were cut at 5 cm, 50% of legumes that 
survived were red clover. Alfalfa and birdsfoot trefoil were each 25%. However, when N 
was applied at 44 to 89 kg ha"1 in 13-cm and uncut swards, 88% of the legumes that survived 
were red clover. Alfalfa accounted for 1% and birdsfoot trefoil 11%. 
Survival of legumes on 15 Aug. was negatively related to the average LAI of the 
pasture sward on 28 May 1998 and 22 June 1999 (Fig. 3.3). This relationship, however, 
differed between summits and backslopes. On the backslopes, 86 plants m"2 survived versus 
31 plants m"2 on the summits when LAI was 2. When LAI was 4, survival of legumes was 
similar on backslopes and summits. Legume survival was < 10 plants m"2 on both positions 
when LAI was 5. 
Discussion 
Seedling survival rather than emergence limits establishment of legumes on summit 
positions in pastures. Repeated defoliation of the swards to 5 cm improved survival on the 
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summits; however, relative to backslopes, survival on the summits remained low. In swards 
cut at 5 cm, survival of legumes on summits was less than on backslopes by 69 plants m"2 in 
1998 and 173 plants m 2 in 1999 (Table 3.2). Legume emergence on summits, however, was 
not limited relative to backslopes (Table 3.1). We found results similar to those of 
Harmoney et al. (2001), who found forage mass of legumes in pastures was 179 kg ha*1 
greater on backslopes than on summits. 
The reduction of competition from grass enables the establishment of legumes on 
backslope positions. Legume survival was negatively related to the average LAI of the 
pasture sward (Fig. 3.3). Researchers have found that competition from grass limits 
establishment of legumes in pastures (Oroya and Sheaffer, 1981; Trott et al., 1988) by 
limiting the photosynthetic photon flux (Trott et al., 1988) that reaches seedlings at ground 
level. The spectral distribution of radiation, particularly the ratio of red to far-red (R.FR) 
wavelengths, also is an important developmental and morphogenetic signal that influences 
how plants respond to competition (Ballaré et al., 1990). We reduced the LAI of the pasture 
sward, increased the photosynthetic photon flux to seedlings at ground level, and increased 
R.FR wavelengths of light within the canopy by cutting the swards to 5 and 13 cm (data not 
shown). Our results show that when competition from grass is reduced, establishment of 
legumes is successful on backslopes. 
Nitrogen fertilization further escalates competition from grass on the backslopes, thus 
reducing establishment of legumes. On backslopes, survival of legumes decreased by 70% 
when N application increased from 0 to 89 kg ha"1 (Fig. 3.1). Nitrogen fertilization tends to 
favor grasses over legumes and is not a recommended practice to maintain legumes in 
pastures (Heichel, 1985). In grassland plant communities, N fertilization shifts competition 
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from predominantly below-ground to both above- and below-ground (Wilson and Tilman, 
1991) The availability of soil N also inhibits nodule formation and N? fixation of legumes 
(Heichel, 1985). The capacity to fix atmospheric N? enables a greater growth rate and allows 
legumes to compete successfully with grasses when N fertility is low (Schwinning and 
Parsons, 1996). 
Increased sward height and N fertility not only limited legume survival, but also 
reduced the diversity of legumes (Fig. 3.2). Tilman (1993) found that plant diversity is lower 
in N-fertilized grasslands because accumulated litter and possibly lower light penetration 
inhibit germination and/or survival of seedlings. Our results showed that red clover was the 
predominant legume surviving in uncut swards and swards fertilized at 44 to 89 kg ha"1 N. 
Red clover is affected less than alfalfa and birdsfoot trefoil by low availability of light (Gist 
and Mott, 1957). Thus, diversity was inhibited in our study in uncut swards and when N was 
applied because of overall less legume survival. 
Contrary to Harmoney et al. (2001), who showed greater legume species diversity on 
backslopes than summits, landscape position did not affect diversity in our study. The lack 
of differences in diversity between summits and backslopes in our study may have been due 
to our measures of diversity in the establishment year as opposed to Harmoney et al. (2001) 
who followed diversity for several years after seeding legumes. We suspect differences in 
diversity between summits and backslopes would occur in our experiment if followed in 
subsequent years. 
Competition from grass is likely greater on summits than backslopes. Survival 
changed minimally with increases in N fertility or sward height on summits compared to 
backslopes suggesting that competition from grass on summits is intense regardless of 
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whether N fertilizer is applied or competition is reduced. A reduction of the availability of 
light alone, however, is not inhibiting legume survival on summits. Legume survival was 
still 150 plants m"2 greater on backslopes than on summits at LAI of 2 (Fig. 3.3), and 
differences in above-ground production of grasses on summits and backslopes are difficult to 
detect. Harmoney et al. (2001) found above-ground production of grasses was greater on 
summits than on backslopes in grazed pastures but not in nongrazed pastures. We detected 
differences between swards on summits and backslopes for grass LAI but not for 
photosynthetic photon flux or R:FR wavelengths of light (data not shown). 
Oroya and Sheaffer (1981) suggested that when light is available, differences in the 
establishment of legumes are due to competition from grass roots for available soil moisture. 
On summits, survival of legume seedlings may be limited by the availability of soil moisture 
as the growing season progresses. Birkeland (1999) stated that summit positions often 
experience greater evaporation than backslopes due to their exposure to wind and the 
redistribution of water downslope through surface and subsurface flow. Thus, if grass leaf 
area is not reduced before seeding, the availability of light inhibits establishment of legumes 
on summits and backslopes. However, when light is available, competition from grass roots 
for soil moisture may be limiting survival of legumes on summit positions relative to 
backslope positions in pastures. 
Our study shows that survival of seedlings limits establishment of legumes on summit 
positions in pastures. Establishment of legumes is successful on backslopes because of less 
competition from grass. Increased sward height and N fertility enhances grass 
competitiveness, thus reducing both survival and diversity of legumes in pastures. We 
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recommend legumes be seeded on backslope landscape positions in pastures and that N 
fertilizer not be applied, and sward heights be reduced before seeding. 
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Table 3.1. Effects of year, sward height, landscape position, and nitrogen (N) fertility on 
emergence of legumes interseeded in a cool-season grass pasture at Rhodes, LA. Values 
represent the average emergence of red clover, alfalfa, and birdsfoot trefoil 30 d after 
planting. An interaction of year, landscape position, sward height, and N fertility occurred 
(P < 0.05). 
Emergence of legumes 
Summits Backslopes 
N (kg ha"1) N (kg ha'1) 
Year Sward height 0 22 44 89 0 22 44 89 
cm % 
1998 5 54 46 53 57 44 44 53 53 
13 35 46 42 50 54 33 49 37 
Uncut 55 35 49 26 55 70 35 35 
1999 5 63 71 49 42 76 52 50 51 
13 55 48 41 19 55 60 45 17 
uncut 18 21 19 1 69 31 8 6 
SEf 8.0 
t SE, computed from mean square error for replication, year, landscape position, sward 
height, and N fertility, applies to all means in the columns above (n = 4). 
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Table 3.2. Effects of a year, sward height, and landscape position interaction and a year, 
sward height and nitrogen (N) interaction on survival of legumes interseeded into a cool-
season grass pasture at Rhodes, Iowa (P < 0.05). Survival was determined on 15 Aug. 1998 
and 1999. 
Survival of legumes 
Landscape position N (kg ha"1) 
Year Sward height Summits Backslopes 0 22 44 89 
cm — plants m" 
1998 5 63 132 126 100 79 85 
13 20 77 58 44 71 22 
uncut 5 31 30 40 4 0 
1999 5 61 234 155 217 152 66 
13 11 75 107 26 38 2 
uncut 3 21 33 10 1 3 
SE 13.2t 19.2? 
t SE, computed from mean square error for replication, year, landscape position, and sward 
height, applies to survival means in the landscape position columns above (n = 16). 
X SE, computed from mean square error for replication, year, sward height, and N, applies to 
survival means in the N fertility rate columns above (n = 8). 
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Fig. 3.1. Effect of a landscape position and nitrogen (N) fertility rate interaction on survival 
of legumes interseeded into a cool-season grass pasture at Rhodes, LA. Values represent 
mean survival of red clover, alfalfa, and birdsfoot trefoil averaged across two years, three 
sward heights, and four replications (P < 0.05; SE = 5.7; n = 24). Survival was measured on 
15 Aug. 1998 and 1999. 
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Figure 3.2. Effects of sward height and nitrogen (N) fertility on diversity of legumes in a 
cool-season grass pasture at Rhodes, IA. Diversity represented the number of legume species 
found in survival counts on 15 Aug. 1998 and 1999. There was no interaction of sward 
height and N fertility. Because pastures were interseeded with three legumes: red clover, 
alfalfa, and birdsfoot trefoil, maximum diversity was 3. Values were averaged across two 
years, two landscape positions, and four replications (P < 0.05; SE = 0.20; n = 16). 
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Fig. 3.3. Survival of legumes determined as a function of leaf area index (LAI) of a cool-
season grass pasture at Rhodes, IA. Values represented survival and LAI at two landscape 
positions (summit and backslope), four nitrogen (N) fertility rates (0, 22, 44, and 89 kg ha"1) 
and three sward heights (uncut, 5, and 13 cm). Each value was averaged across four 
replications and two years. Survival was measured on 15 Aug. 1998 and 1999, and LAI was 
measured on 28 May 1998 and 30 June 1999, -9 to 15 d after cutting the swards to 5 and 13 
cm. 
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CHAPTER 4. SPECIES DIVERSITY AND FUNCTIONAL COMPOSITION 
OF PASTURES VARYING IN LANDSCAPE POSITION 
AND GRAZING MANAGEMENT 
A paper to be submitted to Crop Science 
J.A. Guretzky,* K.J. Moore, and E.G. Brummer2 
Abstract 
The productivity of grassland ecosystems depends in part on their diversity of species 
and functional composition. In pasture ecosystems, legumes are known to be an important 
functional group. Recently, an experiment showed that the proportion and diversity of 
legumes in cool-season grass pastures varies with landscape position and grazing 
management. How scale affected legume and grass species richness in these pastures was 
not determined, and the effects of landscape position and grazing management on the species 
and functional composition of pastures is unclear. We addressed these concerns with two 
experiments. In the first experiment, we sampled vegetation at 0.0625,0.625,6.25, and 62.5 
m2 scales to assess the effects of three landscape positions (summit, backslope, and toeslope) 
and three stocking methods (continuous, rotational, and nongrazed) on the occurrence and 
diversity of legume and grass species in pastures. In the second experiment, we determined 
the percentage of ground each grass, legume, and weed species covered throughout these 
same pastures by sampling in 0.2 m2 plots randomly distributed across the varying landscape 
2 Graduate Research Assistant, Professor, and Associate Professor, Department of Agronomy, Iowa State 
University, Ames, IA 50011-1010. 'Corresponding author (jguretzk@iastate.edu) 
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positions and stocking methods. At the 62.5 m2-scale, legume species richness on backslope, 
summit, and toeslope positions was 3.8,2.1, 1.0, respectively. Landscape position effects on 
grass species richness were similar. The diversity of grass and legume species was also 
greater in grazed pastures compared to nongrazed pastures. Legume ground cover was 17% 
on backslopes compared to 9% on summits and 1% on toeslopes and was positively 
correlated with the Shannon-Wiener index of diversity, H', and species richness of the 
legume component (r = .89 and .83). Increasing sample scale improved our ability to 
characterize differences among landscape positions for the diversity and occurrence of 
different grass and legume species. Regardless of scale, however, legume and grass species 
diversity was greatest on backslope landscape positions. Grazing increased the presence of 
minor forage grass and legume species in pastures. When viewed collectively at landscape 
position or whole pasture scales, these species probably are important to maintaining 
productive and stable-yielding pastures. We hypothesize that by sowing a diverse 
assemblage of legume species on backslope landscape positions, livestock producers could 
optimize the yield and quality of forage both spatially and temporally in pastures. 
Introduction 
The productivity and stability of grassland ecosystems depends on the functional 
composition and diversity of plant species. Recent experiments have shown that species-rich 
grasslands have greater productivity (Hector et al., 1999; Tilman et al., 2001) and reduced 
year-to-year variability of aboveground biomass yields (Tilman, 1996). Increased plant 
diversity also improves the tolerance of ecosystems to stresses such as drought (Mulder et al., 
2001) and may enhance their resistance to invasion by weeds (Tilman, 1997). 
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Some ecologists, however, have suggested that the productivity and stability of 
ecosystems does not depend on the number of species but rather the presence of key species 
or functional groups (Grime, 1997; Huston, 1997). These scientists contend that diversity 
experiments are irrelevant because of the difficulties in evaluating the effects of species 
diversity independently from the effects of key species (Aarrsen, 1997; Huston, 1997). The 
functional composition of grasslands does affect productivity and stability of biomass yields 
(Hooper and Vitousek, 1997; Tilman et al., 1997). However, aboveground biomass yields of 
species-rich grasslands have been shown to be greater than species-poor grasslands 
regardless of the functional composition (Hector et al., 1999; Tilman et al., 2001). 
Legumes, as a functional type, are important in pastures for several reasons. Through 
a symbiotic relationship with rhizobium bacteria, legumes fix atmospheric N%, allowing them 
to be virtually self-sufficient for N. Through the decomposition of legume roots, nodules, 
and leaf residues, soil N increases (Heichel et al., 1985). Legume-grass mixtures also tend to 
produce more herbage than grasses alone, and because of their high crude protein and 
digestibility (Van Soest, 1982), legumes improve the nutritional value of forage mixtures. 
Legume species diversity and abundance varies with landscape position in pastures. 
Legumes, as a percentage of dry matter, and legume species diversity were greater on 
backslope positions than on summit or toeslope positions. Grazing management also 
affected legume species diversity and abundance, and as the number of legume species in the 
pastures increased, the proportion of legumes in dry matter also increased (Harmoney et al., 
2001). 
Plant species richness in most environments is known to increase with scale or 
sample area (Huston, 1994). We do not know, however, how scale affects legume and grass 
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species richness in pastures managed with different stocking systems and landscape 
positions. More information is also needed on the effects of landscape position and grazing 
management on the species and functional composition of pastures. Thus, our objectives 
were to: i) determine how landscape position, grazing management, and scale affects the 
diversity and occurrence of grass and legume species in pastures and ii) determine the effects 
of landscape position and grazing management on the species and functional composition of 
pastures. We addressed these objectives with two experiments. In the first experiment, we 
used a multi-scale sampling method to count and identify the number of grass and legume 
species present at varying landscape positions and stocking methods. In the second 
experiment, we determined the percentage of ground each grass, legume, and weed species 
covered by sampling the pasture vegetation in small plots randomly distributed throughout 
several replicated pastures. 
Materials and Methods 
We conducted the experiments at the Iowa State University Rhodes Research Farm 
(41°52' N, 93°10' W) in pastures described by Harmoney et al. (2001). In 1995, a mixture 
of legumes was frost-seeded into four established cool-season grass pastures. The legumes 
used were alfalfa (Medicago sativa L.), biennial yellow sweetclover (Melilotus officinalis 
(L.) Pall), biennial white sweetclover (Melilotus alba Medic.), birdsfoot trefoil (Lotus 
corniculatus L.), white clover (Trifolium repens L.), red clover (Trifolium pratense L.), kura 
clover (Trifolium ambiguum Bieb.), cicer milkvetch (Astragalus cicer L.), berseem clover 
CTrifolium alexandrinum L.), striate lespedeza (Kummerowia striata (Thunb.) Schindler), and 
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annual white sweetclover (Melilotus alba Medic.). Because of poor establishment in the first 
seeding, the legumes were resown in the grass sod in 1996 (Harmoney et al., 2001). 
Each pasture contained five landscape positions: a summit, backslope, toeslope, 
opposite backslope, and opposite summit and was subdivided into paddocks that used three 
different stocking methods: continuous, rotational, and nongrazed. The four pastures were 
1.4 ha. The experiment was designed as a randomized complete block with a split block 
arrangement of landscape position and stocking system treatments. Stocking of the pastures 
was initiated in 1996. 
From 1996 to 1998, continuous stocking began at the end of May and continued until 
early to mid August. Rotational pastures were stocked in mid-May, early July, and late 
October. Each grazing period lasted five days. Each year, pastures were stocked similarly at 
4.1 AUM (1000 lb basis) in the continuous method and 3.8 AUM in the rotational method. 
In the nongrazed control, dead vegetation was removed by mowing in mid-November 
(Harmoney et al., 2001). 
From 1999 to 2001, pastures managed with continuous stocking were grazed by 2 
mature, non-lactating beef cows for 28 d in May and June, 21 d in July, and 14 d in October. 
Pastures managed with rotational stocking were grazed with 8 to 9 cows for 4 d in May, 7 to 
8 cows for 4 d in July, and 6 to 7 cows for 4 d in October. Initiation of grazing within the 
continuous and rotational stocking treatments occurred on the same date. Cows were 
removed from the continuous stocking system when residue heights for the majority of the 
herbage was <13 cm. Cows were removed from the rotational stocking system after the 4 d 
period of each grazing event. Stocking density within the rotational stocking system was 
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intended to be heavy enough to reduce selective grazing, remove the majority of forage 
within a 4 d span, and increase the period of rest between gracing events. 
Experiment 1 
We used a modified-Whittaker nested vegetation sampling method (Stohlgren et al., 
1995) to examine the effects of landscape position and stocking method on legume and grass 
species richness at multiple scales. The sampling method consisted of ten 0.0625 m2 
subplots located around the perimeter of a 62.5 m2 whole plot, two 0.625 m2 subplots located 
at opposite corners, and one 6.25 m2 subplot in the center. Following sampling of each of the 
subplots, the whole 62.5 m2 Modified Whittaker plot was sampled. The original vegetation 
sampling method was modified to 0.0625, 0.625,6.25, and 62.5 m2 to conform to our pasture 
dimensions. The modified-Whittaker sampling plot was established on one summit, one 
backslope, and the toeslope position within each stocking method of the four, 1 4-ha 
pastures. 
Within each subplot and the whole Modified-Whittaker plot, we recorded the 
presence of each grass and legume forage species. Legume and grass species richness was 
calculated at each scale by summing the number of different grass and legume species. The 
frequency or percentage of occurrence at each scale across the pasture replicates was also 
determined for each species. Plots were sampled 21 thru 26 July 2001. 
This experiment was analyzed using Proc Mixed within the Statistical Analysis 
System software (SAS Institute Inc., Cary, NC) with three stocking systems, three landscape 
positions, four sample scales within stocking methods and landscape positions, and four 
pasture replicates. Scale effects are presented and discussed only when scale interacted with 
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landscape position or stocking system to affect the richness or occurrence of species in these 
pastures. 
Experiment 2 
We used a % cover method (Daubenmire, 1968) to visually estimate the percentage of 
ground each plant species covered throughout the stocking systems and landscape positions 
of the four pasture replicates. Approximately 100,0.2 m2 sample plots were randomly 
distributed and sampled each May and July of2000 and 2001 within each stocking system of 
each pasture. Following recording of the position of each plot with a GPS, we incorporated 
the vegetation and position data into a geographic information system, Arc View 3.2 (ESRI, 
Redlands, CA). 
Because the % cover data for all species within a plot could sum to percentages 
greater than 100, the relative cover, on a 0 to 100% scale, was calculated for each plant 
species. Plant species occurring within the pastures were classified into three functional 
groups: forage grasses, forage legumes, and weed species. The forage grasses group 
consisted of cool-season grasses that are commonly considered desirable within pastures 
because of their aboveground productivity and forage quality (Table 4.1). The forage 
legumes group consisted of any of the legume species that persisted following initial 
establishment in 1995 and 1996. All remaining plant species found within the pastures were 
grouped into the weed species (Table 4.1). 
Unequal numbers of 0.2-m2 samples occurred within each year, landscape position, 
stocking system, and season. Thus, the experiment was analyzed as a randomized complete 
block design with unequal subclass numbers (Piepho, 1997) using Proc Mixed within the 
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Statistical Analysis System software (SAS Institute Inc., Cary, NC). Because Proc Mixed 
could not support the combined analysis across both years, landscape position and stocking 
system effects on the % cover of each species and functional group were analyzed and 
presented separately for 2000 and 2001. Also, because main effects of season and 
interactions of season with landscape position and grazing management were minimal, means 
are presented as averaged across May and July samples. 
Species diversity was determined using two measures: richness and the Shannon-
Wiener index of diversity, H'. Species richness was calculated for the grass, legume, and 
weed functional groups by summing the number of different species found within each 0.2-
m2 sample. The Shannon-Wiener index of diversity was calculated with the formula: H' = -
Y.Pt In pu where pt was the proportion of ground covered by each species. A correlation 
analysis was conducted across years, pastures, landscape positions, stocking systems, and 
season to examine how total species diversity and diversity within functional types relates to 
the % cover of each functional type. 
Results 
Experiment 1 
Landscape position effects 
Landscape position affected legume and grass species richness in the pastures (P < 
0.01 and 0.05, respectively). Both legume and grass species richness were greatest on 
backslope landscape positions, regardless of scale (Fig. 4.1). Richness of legumes and 
grasses were also greater on summits than on toeslopes. Across all sample scales, backslopes 
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averaged 3.3 grass species and 2.5 legume species. Summits averaged 2.7 grass species and 
1.0 legume species. Toeslopes had 2.2 grass species and 0.4 legume species. 
The occurrence of smooth brome (Bromus inermis Leyss.), reed canary grass 
(Phalaris amndinacea L.), and Kentucky bluegrass (Poa pratensis L.) was affected by 
landscape position by scale interactions (P <0.10, 0.01, and 0.01, respectively). Smooth 
brome increased with sample scale on toeslopes (Fig. 4.2.A). On summits and backslopes, 
however, smooth brome was independent of scale, occurring in > 97% of samples. Kentucky 
bluegrass occurred in > 99% of samples on backslopes. However, its occurrence was 
dependent on scale on summits and toeslopes (Fig. 4.2.B). Reed canarygrass occurred in 
every sample on toeslopes, but its occurrence was less at smaller scales on summits and 
backslopes (Fig 4.2.C). 
The occurrence of orchardgrass (Dactylis glomerata L.), timothy (Phleum pratense 
L.), and birdsfoot trefoil was greatest on backslope landscape positions (Table 4.2). 
Interactions of landscape position and scale did not occur for these species but did for 
sweetclover (P < 0.05). Sweetclover increased with scale on backslopes but was absent at all 
scales on summit and toeslope positions (data not shown). Landscape position did not affect 
the occurrence of tall fescue (Lolium arundinaceum (Schreb.) S.J. Derbyshire) (Table 4.1). 
Grazing management effects 
Grazing management affected the grass and legume species richness of the pastures 
(Fig. 4.3). However, stocking system by sample scale interactions occurred for both legumes 
and grasses (P < 0.001 and 0.01, respectively). Grass and legume species richness increased 
at a greater rate with increases in sample scale within the continuous and rotational stocking 
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systems than within the nongrazed system. The rate of increase with scale was similar 
among rotational and continuous stocking systems for both legumes and grasses. 
Grazing management and scale interactions affected the occurrence of orchardgrass 
and timothy (P < 0.05 and 0.01, respectively). As scale increased, these species were 
detected more frequently within the continuous and rotational stocking systems than within 
the nongrazed system (Fig. 4.4). Grazing management did not affect the occurrence of 
smooth brome, reed canary grass, and tall fescue. A grazing management and landscape 
position interaction affected the occurrence of Kentucky bluegrass (P < 0.01). Kentucky 
bluegrass occurred among 71 to 100% of the samples at all scales and landscape positions 
within the rotational and continuous stocking systems and on summits and backslopes within 
the nongrazed system. On toeslopes within the nongrazed system, however, Kentucky 
bluegrass occurred in only 21% of the samples (data not shown). 
Grazing management, landscape position, and scale interactions affected the 
occurrence of many of the forage legumes (Table 4.3). The occurrence of red clover was 
greatest on backslopes but increased with scale on most of the landscape positions within the 
rotational and continuous stocking systems (P < 0.01). White clover occurred mainly on 
backslopes within the rotational stocking system but at all landscape positions within the 
continuous stocking system (P < 0.05). White clover and red clover were absent from 
nongrazed pastures (Table 4.1). Alfalfa occurred more frequently on backslopes than on 
summits and toeslopes and within rotational and continuous stocking systems more than the 
nongrazed system (P < 0.10). The occurrence of cicer milkvetch was similar among 
backslope and summit positions within the nongrazed system, but within continuous and 
rotational stocking systems, its occurrence tended to be less on summits than on backslopes 
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(P < 0.10). The presence of cicer milkvetch was minimal on toeslopes within all stocking 
systems. Kura clover occurred in 50% of 62.5 m2 samples on summit positions within the 
continuous stocking method but was absent from all other sample scales, landscape positions, 
and stocking methods (P < 0.01). The occurrence of birdsfoot trefoil was similar among 
stocking systems at all scales (data not shown). 
Experiment 2 
Measures of diversity 
Diversity measures showed strong correlations both within and among functional 
types and to the percentage of ground cover consisting of each functional type (Table 4.4). 
Within functional types, species richness were correlated positively with Shannon's index of 
diversity, H', for legume (r = 0.87), grass (r = 0.59), and weed species (r = 0.72). In 
comparisons of species richness among functional types, legumes were correlated positively 
with grasses (r = 0.65), weeds (r = 0.55), and overall (r = 0.88) species richness (Table 4.4). 
Legume species richness and H' also were correlated positively with the percentage of 
legumes in the pastures (r = 0.89 and 0.82, respectively). Weed species richness and weed H' 
were correlated with weeds as a percentage of pasture cover (r = 0.86 and 0.81, respectively). 
In contrast, grasses as a percentage of pasture cover were negatively correlated with grass 
species richness (r = -0.52) and grass H' (r = -0.38). 
Functional composition 
Forage grasses consisted of 86, 76, and 95% of the ground cover on summit, 
backslope, and toeslope positions, respectively (P < 0.001) and 92, 84, and 80% of the 
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ground cover within the nongrazed, rotational, and continuous stocking methods, 
respectively (P < 0.05) in 2000. In 2001, a landscape position and stocking system 
interaction affected the percentage of ground cover consisting of forage grasses (P < 0.05). 
Forage grasses decreased from summits and toeslopes to backslopes by 24 to 30% within the 
continuous stocking system, 17 to 22% within the rotational stocking system, and 7 to 8% 
within the nongrazed system (Table 4.5). 
Forage legumes consisted of 9, 17, and 1% of the ground cover on summits, 
backslopes, and toeslopes, respectively (P <0.01) but were not affected by stocking system 
in 2000 (Table 4.5). In 2001, a landscape position and stocking system interaction affected 
legume ground cover (P < 0.05). Legume ground cover increased on backslopes from 
toeslopes and summits by 5 to 8% within the nongrazed system, 10 to 14% within the 
continuous stocking system, and 13 to 18% within the rotational stocking system (Table 4.5). 
Weed species, as a percentage of ground cover, were affected by landscape position 
and stocking system interactions both years (P < 0.01 and < 0.01). Within the continuous 
stocking method, weed species ground cover increased on backslopes by 5 to 10% in 2000 
and 14 to 15% in 2001 from summits and toeslopes, respectively (Table 4.5). Landscape 
position did not affect the percentage of ground cover consisting of weed species within the 
rotational stocking system and nongrazed pastures either year. 
Species composition 
Landscape position affected forage grass species composition. In 2000, reed 
canary grass consisted of 18,11, and 69% of the ground cover on summit, backslope, and 
toeslope positions, respectively (P < 0.001). Also in 2000, Kentucky bluegrass consisted of 
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10, 11, and 4% of the ground cover on summit, backslope, and toeslope positions, 
respectively (P < 0.05). Similar results occurred for both species in 2001 (data not shown). 
Interactions of landscape position and stocking system affected the percentage cover of 
smooth brome in 2000 and 2001 (P < 0.05 and < 0.05, respectively). Smooth brome 
decreased from summit to toeslope positions within each stocking system. Rotational and 
continuous stocking, however, reduced ground cover of smooth brome on backslopes by an 
average of 25% compared to the nongrazed method in both 2000 and 2001 (Table 4.6). 
Ground cover consisting of orchardgrass, timothy, and tall fescue was not affected by 
landscape position. Across all pastures, these species consisted of 4, I, and <1% of the 
ground cover (Table 4.1). 
Landscape position and stocking system interactions affected legume species 
composition (Table 4.6). Red clover comprised 5% of ground cover on backslopes within 
the rotational stocking method but was on average < 1% across all other positions and 
stocking methods in both 2000 and 2001 {P < 0.05 and < 0.05). White clover provided 3 to 
4% of the ground cover on backslopes within the continuous stocking system but < 1% 
across all other positions and stocking methods in both 2000 and 2001 (P < 0.05 and < 0.09). 
Cicer milkvetch was affected by stocking system in 2000 and a landscape position by 
stocking system interaction in 2001 (P <0.01 and P < 0.05, respectively). In 2000 and 2001, 
ground cover consisting of cicer milkvetch was 0% within the rotational and continuous 
stocking systems. Within the nongrazed system, ground cover of cicer milkvetch was 1% 
across all landscape positions in 2000, while 2% on backslopes and 0% on summits and 
toeslopes in 2001 (data not shown). Landscape position and stocking system did not affect 
birdsfoot trefoil, alfalfa, sweetclover, or kura clover in 2000 and 2001. 
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Weed species composition of the pastures was also affected by landscape position and 
stocking system. Landscape position and stocking system interactions occurred for 
dandelion (Taraxacum officinale G.H. Weber ex Wiggers). In 2000 and 2001, respectively, 
dandelion was 8 and 14% of the ground cover on backslopes within the continuous stocking 
system compared with an average of 1 and 2% across summits, toeslopes, and rotational and 
nongrazed stocking systems. Stocking system affected the percentage of ground cover 
consisting of quackgrass (Elymus repens (L.) Gould) in both 2000 and 2001. Quackgrass 
provided 1% cover within the continuous and rotational stocking systems but 0% within the 
nongrazed system in 2000. Similar results were found in 2001 (data not shown). Landscape 
position affected the percentage of ground cover provided by sedges and rushes (Carex, 
Cyperus, and Juncus species) in 2000 but not 2001. Sedges and rushes consisted of 0,2, and 
1% of summits, backslopes, and toeslopes, respectively, in 2000. 
Discussion 
Backslope landscape positions contain a greater diversity of legume and grass species 
than summit or toeslope positions in pastures. Harmoney et al. (2001) measured legume 
species richness in pastures at a 0.4 m2 scale and found on average 2.2 legume species on 
backslopes, 1.3 on summits, and 0.9 on toeslopes. Species richness, however, is known to 
increase with scale in many environments (Huston, 1994). Thus, we examined how 
landscape position affected legume and grass species richness at multiple scales ranging from 
0.0625 to 62.5 m2. We showed that legume and grass species richness is greater on 
backslope positions than on summit or toeslope positions, regardless of scale (Fig. 4.1). 
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The productivity and stability of grassland ecosystems depends on both its diversity 
and composition of species. Experimental manipulations of plant species richness have 
shown that increased plant diversity causes increased aboveground biomass yields (Hector et 
al., 1999; Tilman et al., 2001). Year-to-year variability of yields is also reduced in species-
rich plots when compared to species-poor plots (Tilman, 1996), and when under drought, 
species-rich sites have greater aboveground biomass than less diverse sites (Mulder et al., 
2001). The productivity and stability of grassland ecosystems also depends on the presence 
and abundance of key species or functional groups (Grime, 1997; Huston, 1997). Legumes 
are one such group in pasture ecosystems (Spehn et al., 2002). 
Our hypothesis is that increasing legume species diversity in pastures results in a 
more favorable distribution of forage dry matter and nutrients for grazing livestock both 
spatially and temporally. Previous research showed that, across landscape positions, stocking 
systems, and pastures, legumes, as a percentage of dry matter, was correlated positively with 
legume species richness and species dry matter diversity (Harmoney et al., 2001). We found 
similar positive correlations between the percentage of ground cover consisting of legumes 
and legume species richness and H' (Table 4.4). 
Backslope landscape positions consist of a greater percentage of legumes than 
summit or toeslope positions. On average across the first three years of production, legumes 
accounted for 16% of the dry matter on backslopes (Harmoney et al., 2001). We found that, 
five to six years after the initial sowing of the legumes, 17% of the pasture ground cover still 
consists of legumes. Establishment of legumes on backslopes would improve forage quality, 
soil fertility, and productivity of pastures. Through symbiosis with rhizobium bacteria, 
legumes fix atmospheric N%, thus increasing soil N and transfer of N to grasses (Heichel et 
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al., 1985). Niche complementation between legume and grass species on backslopes would 
enable pastures to produce more herbage than grass-only pastures (Harmoney et al., 2001), 
and because legumes have greater crude protein and digestibility than grasses (Van Soest, 
1982), the incorporation of legumes with grasses on backslopes would improve forage 
quality both spatially and temporally (Harmoney et al., 2001; Sleugh et al., 2001). 
Summit and toeslope positions consist primarily of cool-season grasses. Following 
establishment, legumes accounted for 6% of the dry matter on summits and 1% of the dry 
matter on toeslopes during the first three years of production (Harmoney et al., 2001). 
Summit positions tend to experience greater évapotranspiration than other landscape 
positions, and surface water tends to flow downslope from summits to toeslope positions 
(Birkeland, 1999). Existing cool-season grasses probably limit the establishment of legume 
and weed seedlings on summits by reducing the availability of light and moisture. 
Toeslopes, however, tend to have greater soil moisture contents than other landscape 
positions (Birkeland, 1999; Knapp et al., 1993) and have produced, on average, 1162 kg ha*1 
greater grass forage mass and 974 kg ha*1 greater total forage mass than summit and 
backslope positions within these pastures (Harmoney et al., 2001). Greater aboveground 
productivity of grasses on toeslopes probably limits legumes through competition for light. 
Smooth brome was the dominant forage grass species on summit and backslope 
positions, accounting for 30 to 65% of the ground cover (Table 4.6). On toeslopes, reed 
canary grass was the dominant forage grass, accounting for 69% of the ground cover. More 
forage grass species occurred on backslopes than on summits or toeslopes. Kentucky 
bluegrass, orchardgrass, and timothy combined for only 13% of the ground cover in the 
pastures, but all occurred at a greater frequency on backslopes than on summits or toeslopes. 
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Species diversity in grasslands is dependent on disturbances such as grazing. We 
found that as sample scale increased, grass and legume species richness increased at a greater 
rate within the continuous and rotational stocking systems than in the nongrazed pastures 
(Fig 4.3). In the absence of disturbance, competitive interactions tend to decrease species 
richness (Collins, 1988). In remnant prairies in Wisconsin, lack of disturbance has led to 
reductions of plant diversity, species small in stature and seed size, and N2 fixing plants 
(Leach and Givnish, 1994). Large grazing animals create heterogeneity in plant communities 
through defoliation, trampling, and excretion of manure and urine (Steinhauer and Collins, 
1995). 
The differences we found among the grazed and nongrazed pastures as scale 
increased were due to the increased presence of minor forage species. Grazing did not affect 
the occurrence of the dominant grass species, smooth brome and reed canary grass, or the 
most abundant legume, birdsfoot trefoil, at any scale. As scale increased, however, 
orchardgrass, timothy, red clover, white clover, alfalfa, and kura clover increased in grazed 
pastures but not in nongrazed pastures (Fig 4.4 and Table 4.3). 
Grazing also altered the species and functional composition of the backslope 
landscape positions. Cool-season grasses, particularly smooth brome, were reduced as a 
percentage of ground cover on backslopes within the continuous and rotational stocking 
systems compared to the nongrazed pastures. Continuous stocking increased ground cover 
on backslopes consisting of white clover and weed species, in particular dandelion, while 
rotational stocking increased ground cover on backslopes consisting of red clover. 
The results of this experiment indicate that landscape positions differ in the diversity 
and composition of legume and grass species, and that grazing is important to the 
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maintenance of species diversity in pastures. The ability to detect minor forage species in 
pastures increases with sample area or scale. Some species have low occurrences at small 
scales, but this does not diminish their importance. At larger scales, these species stabilize 
yields (Tilman, 1996), reduce weed pressure (Tilman, 1997), and improve forage yield and 
quality both spatially and temporally (Harmoney et al., 2001; Sleugh et al., 2000). 
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Table 4.1. Plant species occurring in experimental pastures at Rhodes, IA. Each pasture 
consisted of three landscape positions (summit, backslope, and toeslope) and three stocking 
systems (rotational, continuous, and nongrazed). Ground cover represents the range for each 
species across pastures as affected by year, landscape position, stocking system, and season. 
Pastures were sampled during May and July of 2000 and 2001. 
Functional group Common name Scientific name Growth form Ground cover 
Forage grasses Smooth brome Bromus inermis Grass 
% 
13-65 
Reed canarygrass Phalaris arundinacea Grass 11-69 
Kentucky bluegrass Poa pratensis Grass 4 - 1 1  
Orchardgrass Dactyl is glomcrata Grass 4 
Timothy Phleum pratense Grass I 
Tall fescue Festuca arundinacea Grass < 1 
Forage legumes Red clover Trifolium pratense Legume 0 - 5  
Alfalfa Medicago saliva Legume < 1 
Birdsfoot trefoil Lotus corniculatus Legume 6 
White clover Trifolium repens Legume 0 - 4  
Sweetclovers Melilotus species Legume < 1 
Cicer milkvetch Astragulus cicer Legume 0 - 2  
Kura clover Trifolium ambiguum Legume < 1 
Weed species Dandelion Taraxucum officinale Forb 0- 14 
Quackgrass Elymus repens Grass 0 - 1  
Sedges and rushes Carex, Cyperus. and Juncus species Grass 0 - 2  
Pale dock Rumex altissimus Forb < 1 
Curly dock Rumex crispus Forb < 1 
Common yarrow Achillea millefolium Forb < I 
Bull thistle Cirsium vuigare Forb < 1 
Musk thistle Carduus nutans Forb < 1 
Canada thistle Cirsium arvense Forb < 1 
Tall thistle Cirsium altissimum Forb < 1 
Daisy fleabane Erigeron strigosus Forb < 1 
Hoary vervain Verbena stricta Forb < 1 
Sulfur cinquefoil Potentilla recta Forb < 1 
Canada goldenrod Solidago canadensis Forb < 1 
Foxtail species Setaria species Grass < 1 
Common ragweed Ambrosia artemisiifolia Forb <1 
Yellow rocket Barbarea vulgaris Forb < 1 
Field pennycress Thlaspi arvense Forb < 1 
Hoary alyssum Beiteroa incana Forb <1 
Shepardpurse Capsclla bursa-pastoris Forb < 1 
Yellow woodsorrel Oxalis stricta Forb < 1 
Horseweed Conyza canadensis Forb < 1 
Henbit Lamium amplexicuale Forb <1 
Blackseeded plantain Plantago rugelii Forb < 1 
Common lambsquarters Chenopodium album Forb <1 
Motherwort Leonurus eardiaca Forb < I 
Horsenettle Solanum carolinense Forb <1 
Redtop bent Agrostis stolonifera Grass <1 
Bamyardgrass Echinochloa crusgalli Grass < 1 
Redroot pigweed Amaranthus rctroflexus Forb <1 
Stinging nettle Urtica dioica Forb <1 
Unknowns <1 
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Table 4.2. Landscape position effects on the occurrence of orchardgrass (P < 0.05), timothy 
(P < 0.05), tall fescue (P = 0.42), and birdsfoot trefoil (P < 0.05) in pastures at Rhodes, IA. 
Values for each species represent the means as averaged across sample scales, stocking 
systems, and pasture replicates (n = 48). Means without a similar letter differ (P < 0.05). 
Landscape position 
Forage species Summit Backslope Toeslope 
% 
Orchardgrass lib 39a 9b 
Timothy 10b 35a 4b 
Tall fescue 0a 2a 0a 
Birdsfoot trefoil 46b 86a 13b 
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Table 4.3. Effects of grazing management, landscape position, and scale interactions on the 
percentage occurrence of legume species in pastures at Rhodes, IA. Means for red clover (P 
< 0.01), alfalfa (P < 0.10), white clover (P < 0.05) and cicer milkvetch (P < 0.10) represent 
the average occurrence of each species across four pastures. 
Red clover Alfalfa 
Scale Scale 
Stocking 
system 
Landscape 
position 0.0625 0.625 6.25 62.5 0.0625 0.625 6.25 62.5 
% % 
Continuous Summit 3 0 25 25 0 0 25 25 
Backslope 33 38 100 100 5 0 0 100 
Toeslope 0 0 25 50 0 0 0 25 
Rotational Summit 3 0 0 75 0 0 0 0 
Backslope 65 88 100 100 8 25 25 50 
Toeslope 0 0 0 0 0 0 0 25 
Nongrazed Summit 0 0 0 0 0 0 0 0 
Backslope 0 0 0 0 0 0 25 25 
Toeslope 0 0 0 0 0 0 0 0 
SE 10.5t 9.5+ 
White clover Cicer milkvetch 
Scale Scale 
Stocking 
system 
Landscape 
position 0.0625 0.625 6.25 62.5 0.0625 0.625 6.25 62.5 
"•ft 
0 jo 
Continuous Summit 5 13 50 75 0 0 25 25 
Backslope 63 100 100 100 3 13 0 50 
Toeslope 5 13 25 75 0 0 0 0 
Rotational Summit 5 0 0 50 0 0 0 25 
Backslope 20 50 50 100 3 0 0 75 
Toeslope 0 0 0 0 0 13 25 25 
Nongrazed Summit 0 0 0 0 18 25 50 75 
Backslope 0 0 0 0 10 50 75 75 
Toeslope 0 0 0 0 0 0 0 0 
SE 9.6t lo.ot 
t Standard error, computed from mean square error for pasture, grazing management, 
landscape position, and scale, applies to all means in the columns above (n = 4). 
Table 4.4. Correlations between the percentage cover, species richness, and Shannon's diversity index, H', of forage grasses, 
forage legumes, and weed species functional groups of pastures at Rhodes, IA. Pearson correlation coefficients (r) were computed 
across four pastures, three landscape positions, three stocking methods, two years, and two seasons (P < 0.05; n = 144). 
Forage grasses Forage legumes Weed species Overall 
Functional group Index % cover richness H' % cover richness H' % cover richness H' richness H' 
Forage grasses % cover 1.00 -0.51 -0.38 -0.85 -0.87 -0.79 -0,69 -0.73 -0.54 -0.86 -0.60 
richness 1.00 0.59 0.54 0.65 0.58 0.22 0.36 0.20 0.80 0.56 
H' 1.00 0.27 0,36 0.59 0.34 0.36 0.59 0.53 0.94 
Forage legumes % cover 1.00 0,89 0.83 0.19 0.35 ns 0.71 0.41 
richness 1.00 0.87 0.39 0,55 0.27 0.88 0.52 
H' 1.00 0.33 0.48 0.41 0.77 0.74 
Weed species % cover 
richness 
H' 
1.00 0.86 
1.00 
0.81 
0.72 
1.00 
0.62 
0.79 
0.50 
0.54 
0.57 
0.78 
Overall richness 
H' 
1.00 0.67 
1.00 
Table 4.5. Percentage of ground cover consisting of forage grasses, forage legumes, and weed species in pastures at Rhodes, IA. 
Values for each functional group represent main effects of landscape position and grazing management and their interactions. 
Significance of main effects or interactions was determined by sampling year. Landscape position affected grasses (P < 0.05) and 
legumes (P < 0.05) in 2000. Stocking system affected grasses (P < 0.05) in 2000. Landscape position and stocking system 
interactions occurred for grasses (P <0.01) and legumes (P < 0.05) in 2001 and for weed species in both 2000 and 2001 (P < 0.01 
and 0.01, respectively). Pairwise comparisons were made only for significant interactions or main effects. Means without a 
similar letter differ (P < 0.05). 
Landscape position 
Functional group Stocking system Summit Backslope Toeslope mean Summit Backslope Toeslope mean 
% — 
2000 2001 
Forage grasses Continuous 81 68 94 81b 87ab 63d 93ab 81 
Rotational 84 74 92 84b 87ab 70c 92ab 83 
Nongrazed 92 85 98 92a 93ab 86b 94a 91 
mean 86b 76c 95a 89 73 93 
Forage legumes Continuous 9 17 2 9 6cd 16b 2d 8 
Rotational II 21 3 II 8cd 21a 3d II 
Nongrazed 7 12 0 6 5cd 10c 2d 6 
mean 9b 17a Ic 6 16 2 
Weed species Continuous 10b 15a 5c 10 7bc 21a 6bc II 
Rotational 5bc 5c 5bc 5 5bc 9b 5bc 6 
Nongrazed Ic 3c 2c 2 2c 4bc 3bc 3 
mean 5 7 4 5 II 5 
Table 4.6, Percentage of ground cover consisting of smooth brome, red clover, white clover, and dandelion in pastures at Rhodes, 
IA. Values for each species represent means as affected by landscape position and grazing management interactions. Interactions 
were significant for smooth brome (P < 0.05 in 2000; P < 0.05 in 2001), red clover (P < 0.05 in 2000; P < 0.05 in 2001), white 
clover (P < 0.05 in 2000; P < 0.09 in 2001), and dandelion (P < 0.05 in 2000; P < 0.001 in 2001). Within species, means without 
a similar letter differ (P < 0.05). 
Landscape position 
Species Stocking system Summit Backslope Toeslope mean Summit Backslope Toeslope mean 
% 
2000 2001 
Smooth brome Continuous 50ab 36bcd I3e 33 5lbc 30d 13d 31 
Rotational 54ab 44bc 26cde 41 54abc 42c 20d 39 
Nongrazed 65a 65a 2 • de 50 61a 61a 23d 49 
mean 56 48 20 55 44 19 
Red clover Continuous 0b 2b 0c 1 0c 3b Ibc 1 
Rotational 2b 5a 0c 2 Ibc 5a 0c 2 
Nongrazed 0b 0c 0c 0 0c le 0c 0 
mean 1 2 0 0 3 0 
White clover Continuous 2b 4a 0c 2 Ib 3a 0b l 
Rotational Ibc Obc 0c 0 Ib 0b Ob 1 
Nongrazed 0c 0c 0c 0 0b lb 0b 0 
mean 1 1 0 1 1 0 
Dandelion Continuous 3b 8a Ib 4 3b 14a 3b 7 
Rotational lb lb 0b 1 Ib 3b Ib 1 
Nongrazed 0b lb 0b 0 Ib 2b lb 1 
mean 1 3 1 2 6 1 
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Figure 4.1. Species richness in pastures varying in landscape position and scale at Rhodes, 
IA. Points represent means across pastures and stocking methods (n = 12). A. Legume 
species richness (P < 0.01; SE = 0.3). B. Grass species richness (P < 0.05; SE = 0.2). Data 
were collected in July 2001. 
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Figure 4.2. Landscape position and sample scale interactions on the occurrence of three 
cool-season grasses in pastures at Rhodes, I A. Points represent means averaged across three 
stocking methods and four pastures (n = 12). A. Smooth bromegrass (Bromus inermis 
Leyss.) (P < 0.10; SE = 7.5). B. Kentucky bluegrass (Poapratensis L.) (P < 0.01; SE = 7.2). 
C. Reed canarygrass (Phalaris arurtdinacea L.) (P < 0.01; SE = 5.8). 
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Figure 4.3. Species richness in pastures varying in grazing management and scale. Points 
represent means across pastures and landscape positions (n = 12). A. Legume species 
richness (P < 0.001; SE = 0.2). B. Grass species richness (P < 0.01; SE = 0.1). Data were 
collected at Rhodes, Iowa in July 2001. 
69 
8 
c 
g 
I 
8 
I  
I O 
100 
75 -
50 
25 
0 
100 
75 
50 
25 
A. Orchardgrass B Continuous stocking 
—q—Rotational stocking 
A Nongrazed 
B. Timothy 
0.0625 0.625 6.25 62.5 
Scale m 
Figure 4.4. Grazing management and scale interactions on the occurrence of orchardgrass 
(Dactylis glomerata L.) and timothy (.Phleum pratense L.) in cool-season grass pastures at 
Rhodes, IA. Points represent means across pastures and landscape positions (n = 12). A. 
Orchardgrass (P < 0.05; SE = 4.3). B. Timothy (P < 0.01; SE = 5.2). 
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CHAPTER 5. DISTRIBUTION OF LEGUMES ALONG GRADIENTS OF SLOPE 
AND SOIL ELECTRICAL CONDUCTIVITY IN PASTURES 
A paper to be submitted to Crop Science 
J.A. Guretzky, K.J. Moore, C.L. Burras, and E.G. Brummer5 
Abstract 
Iowa is characterized by landscapes that vary in topographic and soil properties. 
Recently, it has been shown that legumes establish and persist on backslope landscape 
positions but fail on summit and toeslope positions. Spatial variation in species composition 
and legume adaptation suggests that landscape positions in pastures should be managed 
differently. Visual delineation of landscape positions, however, can be difficult. In the 
current study, we used a digital elevation model (DEM) and soil electrical conductivity (EC) 
mapping to characterize the topographic variability of pastures. Our objective was to 
determine whether these technologies could be used to explain the distribution of legumes in 
pastures. We recorded the species composition, mapped soil EC, and determined elevation 
across four, replicated pastures. Each pasture contained a summit, backslope, and toeslope 
position, each of which, were crossed by three stocking methods: a rotationally stocked, 
continuously stocked, and nongrazed pasture. All elevation, EC, and vegetation sampling 
positions were georeferenced using a global positioning system (GPS) and incorporated into 
a geographic information system (GIS). The GIS was used to create a DEM, derive maps of 
elevation, slope, soil EC, flow accumulation, and wetness index, and display a map of the 
1 Graduate Research Assistant, Professor, Associate Professor, and Associate Professor, Department of 
Agronomy, Iowa State University, Ames, LA 50011-1010. 
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distribution of legumes in the pastures in relation to slope and EC gradients. The quantitative 
relationship between slope, soil EC, and the distribution of legumes was then assessed. We 
found that legumes, as a percentage of ground cover, are most successful at 15 to 20% slopes 
and intermediate values of soil EC. Grazing reduces competition from cool-season grasses at 
these slope and soil EC values, thus enabling a greater percentage of legumes in pastures. At 
slopes of 0 to 8% and where EC was low or high in value, swards were dominated by smooth 
brome and reed canary grass. We conclude that digital elevation models and soil EC mapping 
can be used to identify sites where legumes are successful in pastures and show potential for 
use in site-specific management of pastures. 
Introduction 
Legumes improve the quality and production of pasture swards. Through a symbiotic 
relationship with rhizobium bacteria, legumes fix atmospheric N. The decomposition of 
legume leaf residues, roots, and nodules increases soil N, and N transfer to coexisting grasses 
increases sward productivity and quality of forage grasses (Heichel et al.. 1985). Legumes 
are also greater in crude protein than grasses (Van Soest, 1982), and their incorporation with 
cool-season grasses improves the seasonal distribution of dry matter and nutrients in pastures 
(Sleugh et al., 2000). 
Landscape position in pastures affects the distribution and abundance of legumes. 
Legume establishment, diversity, and persistence is greater on backslope landscape positions 
than summit or toeslope positions (Harmoney et al., 2001). Haimoney et al. (2001) found 
legume dry matter production was — 150 kg ha"1 greater on backslopes than summits. Grass 
competition inhibits legumes on summit and toeslope positions (Harmoney et al., 2001). The 
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establishment of legumes on backslope landscape positions improves the quality and 
production of pastures. 
Visual delineation of where one landscape position ends and another begins in 
pastures can be difficult. Spatial information about fields or pastures are displayed, stored, 
and analyzed more effectively with a geographic information system (GIS). A GIS allows 
users to create a digital elevation model (DEM) for fields or pastures of interest that displays 
spatial data three-dimensionally and enables users to calculate topographic derivatives such 
as slope, aspect, flow accumulation, and wetness index (Burrough and McDonnell, 1998). 
Digital elevation models also allow maps of plant, soil, and environmental attributes to be 
overlayed to improve and aid visual or statistical comparisons. 
Scientists have examined the relationship of DEM-derived attributes such as slope, 
flow accumulation, and wetness index with grain yields of com and soybean, soil properties, 
and distribution of drainage classes in fields. Kravchenko et al. (2000) used a DEM to 
examine the relationship between topographic attributes such as slope and flow accumulation 
with soil properties and corn and soybean grain yield. Moore et al. (1993) used a DEM to 
examine the relationship between topographic attributes and several soil properties. 
Electrical conductivity (EC) also can be used to characterize spatial variation of soil 
properties and crop performance. Electrical conductivity was least in well- and moderately-
well-drained soils and greatest in poorly- and somewhat-poorly-drained soils in Illinois 
(Kravchenko et al., 2002). Apparent electrical conductivity mapping has been used to 
characterize the productive potential of claypans in Missouri (Kitchen et al., 1999). In 
Eastern Colorado, greatest EC values were characteristic of eroded surfaces and lower crop 
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yields (Johnson et al., 2001). Electrical conductivity data represent another attribute that can 
be incorporated into a geographic information system (GIS) and overlayed with the DEM. 
A DEM and EC have not been used to characterize the spatial variation of legumes in 
pastures. Thus, the objective in this study was to measure and characterize the abundance 
and distribution of legumes in pastures along gradients of DEM-derived slope and soil EC. 
We determined plant species composition and collected elevation and electrical conductivity 
data across four replicated pastures, each of which had three different stocking systems 
containing five different landscape positions. This information was integrated into a GIS, 
where we created a DEM and quantified the relationship between the percentage of legumes 
and slope and soil EC. 
Materials and Methods 
We conducted the experiment at the Iowa State University Rhodes Research Farm 
(41°52' N, 93°10' W) in pastures described by Harmoney et al. (2001). In 1995, a mixture 
of legumes was frost-seeded across four, 1.4 ha-pastures. The legumes used were alfalfa 
(Medicago sativa L.), biennial yellow sweetclover (Melilotus officinalis (L.) Pall), biennial 
white sweetclover (Melilotus alba Medic.), birdsfoot trefoil (Lotus corniculatus L.), white 
clover (Trifolium repens L.), red clover (Trifolium pratense L.), kura clover (Trifolium 
ambiguum Bieb.), cicer milkvetch (Astragalus cicer L.), berseem clover (Trifolium 
alexandrinum L.), striate lespedeza (Kummerowia striata (Thunb.) Schindler), and annual 
white sweetclover (Melilotus alba Medic.). Because of poor establishment in the first 
seeding, the legumes were resown in the grass sod in 1996 (Harmoney et al., 2001). 
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Each pasture contained five landscape positions: a summit, backslope, toeslope, 
opposite backslope, and opposite summit and was subdivided into paddocks that used three 
different stocking methods: continuous, rotational, and nongrazed. The stocking methods 
and landscape positions were arranged in a split block, and grazing treatments began in 1996. 
From 1996 to 1998, continuous stocking began at the end of May and continued until 
early to mid August. Rotational pastures were stocked in mid-May, early July, and late 
October. Each grazing period lasted five days. Each year, pastures were stocked similarly at 
4.1 AUM (1000 lb basis) in the continuous method and 3.8 AUM in the rotational method. 
The nongrazed control was not grazed, but dead vegetation was mowed in mid-November 
(Harmoney et al., 2001). 
From 1999 to 2001, pastures with the continuous stocking method were grazed by 2 
non-lactating, beef cows for 28 d in May and June, 21 d in July, and 14 d in October. 
Pastures with the rotational stocking method were grazed with 8 to 9 cows for 4 d in May, 7 
to 8 cows for 4 d in July, and 6 to 7 cows for 4 d in October. Cows were placed within the 
continuous and rotational stocking method on the same date and were removed from the 
continuous stocking methods when residue heights for the majority of the herbage was <13 
cm. Cows were removed from the rotational stocking method after the 4 d period of each 
grazing event. Stocking density within the rotational stocking method was intended to be 
heavy enough to reduce selective grazing, remove the majority of forage within a 4 d span, 
and increase the period of rest between gracing events. 
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Terrain analysis and vegetation sampling 
In 1999, we used a survey grade global position system (GPS) to determine elevation 
at random points throughout each pasture. These data were incorporated into a geographic 
information system (GIS), Arc View 3.2 (ESRI, Redlands, California), and used to create a 
digital elevation model (DEM). We used spline methods in ArcView to develop a base 
elevation map for each pasture, of which, we subsequently derived slope, flow accumulation, 
and wetness index maps. An ArcView extension, DEMAT, was used to derive percent slope 
from the elevation maps. 
In August 2000, we measured apparent soil EC with an EM-38 (Geonics Limited, 
Mississauga, Ontario, Canada). The georeferenced EC data was sampled at a high density 
throughout each pasture. Inverse distance weighting methods were used within ArcView to 
interpolate maps of EC. 
Species composition of the four-1.4-ha pastures was determined using a percentage 
cover method (Daubenmire, 1968). In each stocking method of the pastures, we recorded the 
percentage of ground each plant species covered within ~ 100,0.2 m2 sample quadrats. 
Because the percentage cover of each species was absolute and summed to percentages > 100 
within each quadrat, we calculated the relative percentage cover for each species on a 0 to 
100% scale. Quadrats were randomly distributed and sampled each May and July of2000 
and 2001. Following georeferencing of each sample location with a GPS, we incorporated 
the vegetation and sample position data into ArcView. 
In ArcView, the vegetation point data was overlayed with the EC and slope maps. 
Using a Get Grid Values extension, we assigned the corresponding values from the EC and 
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slope maps to each vegetation sample point. This information was then exported from 
ArcView for statistical analysis. 
Principal components analysis (PCA) was conducted using the elevation, slope, soil 
EC, wetness index, and log flow accumulation attribute data corresponding to each 
vegetation sampling point. The analysis identifies the dominant, underlying gradients of 
variation among a set of interdependent, sample variables (McGarigal et al., 2000). We used 
PCA to characterize the dominant gradients of topographic variability within each of our 
pasture replicates. 
Regression analysis 
Because we characterized the vegetation at ~ 4500 sampling points, we divided the 
range of slope and EC values into 6 and 10 classes, respectively. We then averaged the % 
cover values from the vegetation samples within each separate slope and EC value class 
within each stocking method and pasture. In this paper, we present the percentage cover data 
for the legume functional type and the dominant grasses, smooth brome (Bromus inermis 
Leyss.) and reed canary grass (Phalaris arundinacea L). The percentage cover of legumes 
was calculated by summing the percentage cover of each legume species. 
We conducted regression analyses to determine the relationship between the 
percentage of ground cover by legumes and percent slope and soil EC. A linear regression 
between legumes and slope was computed within each stocking system across the four 
pastures. Because of variability in legume response to soil EC between stocking systems 
and pastures, a regression analysis between the percentage of legumes and EC was performed 
by stocking system and pasture replicate. When the relationship between the percentage of 
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legumes and EC was nonlinear, we log-transformed the legume percent cover data. When a 
response curve is fit to the logarithm of original abundance data, a Gaussian response curve 
is actually fit to the original abundance data (Braak and Looman, 1995). Log-transformation 
of the original abundance data eliminates negative values in the predicted response curve and 
enables the derivation of ecologically important parameters. These parameters included the 
optimum EC value that gave the maximum percentage legume cover, u = -bi / 2b%, and the 
maximum legume cover at the optimum, c = exp (bo + bju + b?u") (Braak and Looman, 
1995). 
We also fit the nonlinear response curve to the relationship between log-transformed 
legume percentage cover data and soil EC standardized within each pasture. This curve was 
fit across all pasture replicates. We standardized EC by dividing its range within each 
pasture into ten classes and ranking these from 0 to 9. The percent cover data were not log-
transformed when linear regressions were computed between soil EC and legumes, smooth 
brome, or reed canary grass. All regression analyses were performed using SAS (Statistical 
analysis software, Version 8.2, North Carolina). 
Results 
Topographic characteristics 
The pastures are on rolling landscapes with slopes being as steep as 24%. The 
minimum and mean slope was similar among pasture replicates. However, in pasture 4, the 
maximum slope was less than the other three pasture replicates (Table 5.1). Both the 
minimum and maximum soil EC for pastures 3 and 4 were less than the minimum and 
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maximum EC values for pastures 1 and 2. This resulted in a mean soil EC for pastures 3 and 
4 being ~ 5 mS m"1 less than the mean soil EC in pastures 1 and 2 (Table 5.1). 
Increasing soil EC was associated with decreasing elevation (Table 5.2). The first 
principal component explained 62 to 77% of the topographic variability among the pastures. 
The first principal component was formed from increasing soil EC and decreasing elevation. 
On average across pastures, soil EC increased down the hillslope from 25.5 mS m"1 on 
summit positions to 34.0 mS m*1 on toeslope positions. Stocking system did not affect soil 
EC. Cumulatively, the first and second principal components explained 79 to 88% of the 
topographic variability among the pasture replicates. Slope had high loadings for the second 
principal component within all pastures (Table 5.2). Decreasing slope was associated with 
greater wetness and flow accumulation in pastures 1 and 2 and greater elevation in pastures 3 
and 4. 
Slope and legumes 
Legumes, as a percentage of ground cover, increased positively as a function of slope 
(Fig. 5.1). The rate of increase with slope, however, differed between stocking systems. 
Legumes increased at a greater rate within the rotational stocking method than within the 
continuous or nongrazed stocking methods, and the rate of increase for % legume with slope 
was also greater within continuous stocking method than the nongrazed method. 
Apparent soil EC and legumes 
No relationship was detected between percent legumes and soil EC using regression 
analyses performed within each stocking system and across all pasture replicates. Regression 
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analyses did show a relationship between legumes and soil EC, however, within the pasture 
replicates of each stocking system. In 9 of the 12 replicates, a nonlinear response curve was 
fit between the percentage of legumes and EC (Table 5.3). Legumes, as a percentage of 
ground cover, increased to optimum EC, ranging from 28.7 to 38.0 mS m"1, before declining 
(Table 5.3). In pasture 4, legume content was not related to soil EC within the continuous 
stocking system, but a negative linear response of legumes to EC occurred within the 
rotational and nongrazed systems (Table 5.3). 
The optimum EC (u) and the maximum percentage of legumes (c) varied among 
pasture replicates (Table 5.3). Within the continuous stocking system, the maximum legume 
content occurred at 38.0 mS m"1 EC in pasture 1 versus 33.1 mS m"' EC in pastures 2 and 3, 
and the maximum legume content was 28% in pasture 3 versus 11 and 14% in pastures 1 and 
2, respectively. Within the rotational stocking system, 22% legumes occurred at 35.5 mS m"1 
EC in pasture 2 versus 25% at 28.7 mS m"1 EC and 18% at 30.5 mS m"1 EC in pastures 1 and 
3, respectively. The optimum EC, within the nongrazed system, at which legumes were 
maximized was similar in pastures 1,2, and 3. The maximum legume content within the 
rotational and nongrazed stocking systems, however, occurred at the y-intercept in pasture 4. 
Because of the variability in optimum EC values (Table 5.2), we standardized EC 
within each pasture. Following standardization, a Gaussian response curve fit across all 
pasture replicates and explained 23 to 38% of the variation between the percentage of 
legumes and EC (Fig. 5.2). The optimum EC, of which the percentage of legumes was 
maximized, however, was 5.9 within the continuous stocking system (95% confidence 
intervals: 4.8|0wcr, 14.7upper), 4.1 in the nongrazed system (95% confidence intervals: 3.3i0wer, 
4.7Upper) and 3.8 in the rotational stocking system (95% confidence intervals: 2.5|OWer, 4.5„pper)-
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The maximum legume content at the optima also was 17,13, and 9% within the rotational, 
continuous, and nongrazed systems, respectively (95% confidence intervals: ±2.1 for each 
stocking system) (Fig. 5.2). 
Apparent soil EC and competing grasses 
The percentage of smooth brome in the pastures decreased as EC increased. The 
decline was linear within the rotational and continuous stocking system and nonlinear in the 
nongrazed system (Fig 5.3). The percentage of reed canarygrass, however, increased as EC 
increased (Fig 5.4). The slope of the lines was greater within the nongrazed system than 
within the rotational or continuous stocking systems, and greater in the rotational than the 
continuous stocking system (Fig. 5.4). 
Discussion 
Legumes in pastures, as a percentage of vegetative cover, are most successful at 15 to 
20% slopes. Harmoney et al. (2001) showed that legumes were 161 g kg"1 DM on backslope 
landscape positions compared to 62 g kg"1 DM on summits and 7 g kg"1 DM on toeslopes. 
We showed that slope, when derived from a digital elevation model, explained 22 to 75% of 
the variation in legume cover. 
In the midcontinental US, soil organic matter and A-horizon thickness tends to be 
proportional to slope; thus, soils on steep slopes tend to be thin and have low organic matter 
in the A-horizon (Birkeland, 1999). Slope was negatively correlated with organic matter 
content and com and soybean grain yields in Illinois and Indiana (Kravchenko and Bullock, 
2000). Along a toposequence in Colorado, DEM-derived slope also was negatively 
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correlated with A-horizon thickness, extractable P, and organic matter (Moore et al., 1993). 
Slope also influences drainage. Across agricultural landscapes in Illinois, somewhat poorly 
drained and poorly drained soils were dominant at the lowest slopes, and as slope increased, 
the occurrence of well-drained and moderately well-drained soils also increased (Kravchenko 
et al., 2002). 
Reports on the influence of topographic position and slope on N availability across 
landscapes have been inconsistent. Nitrogen mineralization was up to five times greater on 
upland sites than lowland sites and was inversely related to aboveground biomass yields of 
tallgrass prairie in Kansas (Turner et al., 1997). In contrast, N mineralization and total N 
content of biomass followed similar patterns as biomass itself, increasing from upper slope 
positions to lower slope positions in the shortgrass steppe of Colorado (Schimel et al., 1985). 
Mineralization, expressed as a % of total N, however, was greater on summits than toeslope 
positions suggesting that despite greater N availability on toeslope positions, turnover of N is 
greater on summit and backslope positions (Schimel et al., 1985). 
Slope and landscape position influences the productivity of grasses in pastures. 
Backslope positions, which averaged 15% slope, produced ~ 1.9 Mg ha"1 less dry matter of 
grasses than toeslope positions, but grass dry matter production on backslopes was similar to 
summit positions (Harmoney et al., 2001). In semi-arid grasslands in Spain, upper slope 
zones produced 126 g m2 biomass compared to 304 g m2 on lower slope zones, and forage 
yield was positively correlated with the percentage of grasses in the dry matter (Perez Corona 
et al., 1995). Grasses consisted of 62% of the dry matter on lower slope positions vs. 31% on 
upper slope positions (Perez Corona et al., 1995). 
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As productivity of grasses increase in pastures, legumes as a percentage of dry matter 
tend to decrease (Haynes, 1980). Competition from grass limits the availability of light, 
moisture, and nutrients to legumes (Haynes, 1980) and is a primary factor limiting the 
establishment of legumes in pastures (Cuomo et al., 2001; Oroya and Sheaffer, 1981). 
Competition from grasses may be less on backslope positions or steeply sloping sites, 
allowing legumes to be successful. 
The benefits of sowing legumes on backslope landscape positions of 15 to 20% 
slopes are numerous. Legume-grass pastures tend to have greater dry matter yields than 
grass-only pastures. Through a symbiotic relationship with rhizobium bacteria, legumes fix 
atmospheric N2, allowing them to be virtually self-sufficient for N (Heichel, 1985). The 
decomposition of legume leaf residues, roots, and nodules also increases soil N and reduces 
N requirements of grasses (Heichel et al., 1985). Legumes are also greater in crude protein 
than grasses, and their incorporation with grasses improves herbage quality of forage 
mixtures (Sleugh et al., 2000). 
Forage producers also can use soil EC to identify sites where legumes will be 
successful in pastures. We found that the relationship between legume content and soil EC 
varied among pastures and stocking systems (Table 5.3). In most pastures and stocking 
systems, however, legumes tolerated a range of EC and were greatest at intermediate EC 
values. When EC was standardized within each pasture, a Gaussian response curve 
explained 23 to 38% of the percentage cover of legumes across the pastures (Fig. 5.2). 
Soil EC can characterize spatial variability in pasture productivity. In each pasture, 
increased soil EC was associated with decreased elevation (Table 5.2). Elevation is lowest 
on toeslope positions, albeit, where grass productivity and soil EC is greatest. Soil EC was 
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the primary variable forming the first principal component of the topographic and soil 
attributes examined within each pasture. The first principal component explained 62 to 77 % 
of the landscape variability among the four pastures (Table 5.2). In claypan soils in 
Missouri, apparent EC mapping was used to characterize variation of topsoil thickness, 
which, for these soils was a measure of root-zone suitability for crop growth and yield 
(Kitchen et al., 1999). High EC was associated with thin topsoil on claypans, and crop grain 
yields responded to soil EC in one of four patterns: 1) decreased as a function of EC; 2) 
increased as function of EC; 3) showed a unimodal or Gaussian response to EC; or 4) showed 
no response to EC (Kitchen et al., 1999). In Colorado, high soil EC indicated areas of 
erosion and was negatively correlated with crop productivity (Johnson et al., 2001). 
Landscape patterns in soil EC and grass productivity were likely driven by moisture 
availability. EC is correlated with moisture as well as soil texture, salinity, pH, and bulk 
density (Kitchen et al., 1999). When EC was evaluated along hillslopes in East Central 
South Dakota, soil water content was considered to be the most important factor influencing 
EC because low elevations consistently had greater soil water content when compared to 
high elevations (Nugteren et al., 2000). EC was negatively correlated with well-drained and 
moderately-well-drained soils and positively correlated with somewhat poorly drained and 
poorly drained soils in Illinois crop fields (Kravchenko et al., 2002). Spatial variation in soil 
water availability, related to soil depth and drainage patterns, was the primary mechanism 
causing topographic differences in plant community composition and aboveground 
productivity in tallgrass prairie in Kansas (Knapp, 1993). 
Landscape patterns in moisture availability contribute to a dominance of grasses on 
summits and toeslopes, consequently where soil EC is low and high, respectively. EC was 
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successful in explaining the distribution of two grasses: smooth brome and reed canarygrass. 
Where soil moisture is greatest, reed canarygrass dominates the vegetation. In areas where 
moisture is lowest, smooth brome dominates. We have hypothesized that competition from 
these grasses limits the establishment of legumes at less steeply sloping sites and sites with 
either low and high values of EC. 
Grazing increases legumes, as a percentage of ground cover, at 15 to 20% slopes and 
intermediate soil EC values. At these slopes and EC values, rotationally and continuously 
stocked pastures, had a greater percentage of legumes than nongrazed pastures. The 
percentage of legumes were similar among stocking systems when slopes were < 10% and 
EC values were low and high. Large grazing animals create heterogeneity in plant 
communities through selective and patchy grazing, trampling, and the excretion of manure 
and urine (Steinauer and Collins, 1995). In the absence of such disturbances, competitive 
interactions tend to favor the dominant grasses and decrease species diversity in grasslands 
(Collins, 1987). 
Rotational stocking achieved the greatest percentage of legumes in the pastures. 
Stocking rates were similar among the continuously and rotationally stocked systems; 
however, rest periods were longer in the rotationally stocked system. Longer rest periods 
allowed the legumes to recover from defoliation, flower, set seed, and may have encouraged 
legume recruitment from the seedbank. In northeastern US pastures, legumes consisted of a 
greater proportion of total herbage harvested in pastures when rest periods were longer and 
grazing heights taller because upright-growing legumes such as alfalfa and red clover were 
favored (Carlassarre and Karsten, 2002). Continuous stocking creates and maintains patches 
in vegetation that differ in degrees of utilization (Cid and Brizuela, 1998). A prostrate-
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growing, grazing-tolerant legume such as white clover is adapted to such patches, but 
contributes less to total herbage harvested than taller legumes in pasture swards (Carlassarre 
and Karsten, 2002). 
We characterized the pastures spatially using soil electrical conductivity mapping and 
digital elevation models. The distribution of legumes in pastures was closely associated with 
gradients of slope and EC. We recommend that legumes be seeded where soil EC values are 
intermediate or slopes are 15 to 20%. Rotational grazing management will encourage the 
persistence and production of legumes at these sites by reducing competition from smooth 
brome and reed canarygrass. If the spatial tools are unavailable or landscape positions are 
easily differentiated, a diverse assemblage of legumes should be seeded on backslope 
landscape positions. On backslopes, where slopes are greatest and soil EC intermediate, 
legumes will increase soil N availability, improve herbage yields and quality, and optimize 
the seasonal distribution of dry matter and nutrients in pastures. 
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Table 5.1. Mean, standard deviation, minimum, and maximum for slope and soil electrical 
conductivity (EC) in pasture replicates at Rhodes, IA. Values correspond to ~ 1200 
vegetation sampling points randomly distributed and georeferenced throughout each pasture 
in May and July of2000 and 2001. 
Var iab le  Pas tu re  Mean  S td  Dev  Min imum Maximum 
% 
Slope  1  10 .3  3 .55  0 .5  23 .8  
2  11 .5  5 .34  0 .1  23 .9  
3  10 .5  3 .82  1 .3  20 .1  
4  9 .0  2 .65  1 .1  15 .7  
mS m" 1  —-—-
Soi l  EC 1  31 .8  4 .67  22 .1  43 .4  
2  31 .4  5 .99  20 .2  43 .3  
3  26 .9  4 .20  19 .1  40 .6  
4  26 .9  4 .18  18 .9  36 .2  
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Table 5.2. Principal components of pastures at Rhodes, LA. The principal components were 
derived from topographic and soil electrical conductivity corresponding to ~ 1200 randomly 
distributed and georeferenced vegetation sampling points. A digital elevation model (DEM) 
was created with a geographic information system (GIS) for each pasture, and slope, wetness 
index, and flow accumulation data were derived from the DEM using ArcView 3.2 (ESRI, 
Redlands, California). Apparent soil electrical conductivity (EC) was mapped throughout 
each pasture using an EM-38 (Geonics Limited, Mississauga, Ontario, Canada). 
Pas ture  
12  3 4 
Pr inc ipa l  component  
Var iab le  12  12  12  12  
Loadings  
Elevation -0.45 0.47 -0.81 0.17 -0.65 0.70 -0.80 -0.31 
Slope 0.14 -0.73 0.69 -0.63 0.52 -0.52 0.23 0.86 
Soil EC 0.99 0.07 0.98 0.15 0.95 0.30 0.99 -0.10 
Wetness Index 0.01 0.68 -0.07 0.61 0.09 0.05 0.41 0.13 
Flow Accumulation 0.04 0.55 0.24 0.43 0.32 
% 
-0.12 0.53 0.20 
Variability explained 64 15 77 11 62 20 77 9 
Table 5.3. Distribution of legumes along a gradient of soil electrical conductivity (EC). Regression analyses were performed by 
stocking system and pasture replicate. We fit either a linear regression or a nonlinear response curve to the % legume cover data. 
If a nonlinear response curve was fit, the percentage cover data for legumes was log-transformed. By log-transformation of the 
original abundance data, we are able to calculate the optimum EC (mS m"1) that gives the maximum legume cover and the 
maximum itself (%). The legume percent cover data was not log-transformed when linear regressions were fit. 
Stocking system Pasture Equation Optimum soil EC Maximum legume cover R2 P 
mS m'1 % 
Continuous 1 log (y + 1) = -35,61 + 2.01 x - 0,03x2 38,0 II 0.87 • •  
2 log (y + 1) = -7.04 4 0,59x - 0.0 lx2 33.1 14 0.54 0.10 
3 log (y + 1) = -11.03 + 0,87x-0.0Ix2 33.1 28 0.90 
4 13 ns 
Rotational 1 log (y + 1) =-21.34+ l.59x-0.02x2 30.5 18 0.77 *• 
2 log (y + 1) = -11.02 + 0.80x - 0.0 lx2 35,5 22 0.66 * 
3 log (y + 1) = -9.29 + 0.87x - 0.02x2 28,7 25 0.84 ** 
4 y=  I7 . l -1 .7x  17 0.51 * 
Nongrazed 1 log (y + l) = -21.15+ 1,40x - 0,02x2 33.0 6 0.57 0,10 
2 log (y + 1 ) = -8.79 + 0.67x - 0,01 x2 30.9 4 0.47 0,10 
3 log (y + 1) = -8,10 + 0.67x-0.0lx2 32.4 14 0.62 0.10 
4 y = 24,0 - 2,8x 24 0.94 *** 
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Fig. 5.1. Stocking system (continuous, rotational, and nongrazed) effects on the relationship 
between the percentage of ground cover consisting of legumes and % slope. The range of 
slope, across all pastures, was divided into 6 classes. Points represent the mean legume 
percentage for each class within each of four pastures. 
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• Continuous log (y + 1 ) = 1.24 + ,47x - 0.04x2 R2 = 23 n = 37 
• Rotational log (y + 1 ) = 1.92 + .51 x - 0.07x2 R2 = .31 n = 38 
• Nongrazed log (y + 1 ) = 0.80 + .71x - O.OQx2 R2 = .38 n = 38 
4 6 
Standardized soil EC 
8 10 
Fig. 5.2. Legumes, as a percentage of ground cover, in relation to soil electrical conductivity 
(EC) standardized within each pasture (4). Standardization involved dividing the range of 
soil EC within each pasture into ten classes and averaging the legume abundance data from 
each EC class. The legume abundance data were log-transformed prior to fitting a nonlinear 
response curve. Data points represent back-transformed predicted means for each EC class. 
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Fig. 5.3. Smooth brome (Bromus inermis Leyss.), as a percentage of ground cover, in 
relation to soil EC standardized within each pasture. Standardization involved dividing the 
range of soil EC within each pasture (n - 4) into ten classes and averaging the smooth brome 
data for each EC class. 
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Fig. 5.4. Reed canarygrass (Phalaris arundinacea L.), as a percentage of ground cover, in 
relation to soil EC standardized within each pasture. Standardization involved dividing the 
range of soil EC within each pasture (n = 4) into ten classes and averaging the reed 
canarygrass data for each EC class. 
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Fig. 5,5, Legume, smooth brome (Bromus inermis Leyss.), and reed canarygrass (Phalaris anmdinacea L.) distribution maps in 
one pasture replicate at Rhodes, IA. Data represents the vegetation as a percentage of ground cover. Maps were interpolated from 
~ 1200 randomly distributed and georeferenced vegetation sampling points using inverse distance weighting methods in Arc View 
3,2 (ESR1, Redlands, CA), a geographic information system (GIS). Pasture replicates were 1.2 ha in size. 
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CHAPTER 6. GENERAL CONCLUSIONS 
Legumes establish and persist on backslope landscape positions in pastures. During 
the growing seasons of2000 and 2001, five to six years after the initial sowing of a diverse 
assemblage of legume species across pastures varying in landscape position and grazing 
management, legumes consisted of 17% of the ground cover on backslopes, 9% on summits, 
and 1% on toeslopes. These results are similar to those reported by Harmoney et al. (2001) 
who followed the initial establishment and the persistence of the legume assemblage in these 
same pastures during the first three years of production. On a dry matter basis, legumes 
accounted for 16% of the forage on backslope positions (Harmoney et al., 2001). 
Legumes account for a greater percentage of ground cover at 10 to 20% slopes. 
Pastures varying in landscape position also vary in gradients of slope and soil electrical 
conductivity (EC), and when landscape positions are difficult to visualize, underlying 
topographic or soil variability may be characterized with the use of a digital elevation model 
(DEM) and mapping of soil EC. When derived from a DEM, slope of the pastures explained 
22 to 75% of the variation in legume cover. 
Along gradients of soil EC, legumes as a percentage of ground cover tended to be 
greatest at intermediate values of EC. Nonlinear relationships between the percentage of 
legumes and soil EC occurred in 9 of 12 pasture and stocking system replicates. Within two 
of the other three replicates, legumes decreased as soil EC increased. When soil EC was 
standardized within each pasture, 23 to 38% of the percent cover of legumes was explained 
by soil EC within each stocking system. 
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Legumes are important functionally in pasture ecosystems. Renovation of cool-
season grass pastures with legumes improves dry matter yields of forage (Cuomo et al., 
1999). Legumes fix atmospheric N2 through a symbiotic relationship with rhizobium 
bacteria. Biological nitrogen fixation reduces N fertilizer requirements (Follett and 
Wilkerson, 1995), increases soil N mineralization (Gil and Pick, 2001), and allows legumes 
to be self-sufficient for N (Heichel et al., 1985). Legumes also improve the quality of forage 
produced in pastures. At similar stages of maturity, legumes have greater concentrations of 
crude protein and their digestibility for grazing livestock is greater than that of grasses (Van 
Soest, 1982). The benefits derived from having the legume functional type in cool-season 
grass pastures might be further improved by increasing legume species diversity. 
Tilman et al. (2001) recently showed that aboveground and total biomass yields 
increase as the number of plant species increase in grassland ecosystems. After 7 years of 
experimental manipulation of species richness, plots with 16 species had 22% greater 
aboveground biomass and 27% greater total biomass than plots with 8 species (Tilman et al., 
2001). Similar results were found in grasslands across Europe; on average, plots with greater 
plant diversity produced greater aboveground biomass (Hector et al., 1999). 
Backslope positions in pastures support greater legume species diversity. Harmoney 
et al. (2001) found, on average, 2.2 legume species on backslopes, 1.3 on summits, and 0.9 
on toeslopes. Species richness, however, is known to increase with scale (Huston, 1994). In 
the study conducted by Harmoney et al. (2001), legume species richness was measured at a 
0.4 m'-scale. In one of the experiments presented in Chapter 4, legume and grass species 
richness was measured at scales ranging from 0.0625 to 62.5 m2. In that experiment, legume 
and grass species richness was found to be greater on backslopes than on summits or 
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toeslopes regardless of scale. Increasing sample scale, however, enabled a better description 
of the grass and legume species occurring on different landscape positions and helped 
explain the differences for diversity found among varying landscape positions. 
Legumes complement cool-season grasses on backslope landscape positions in 
pastures. Niche complementarity is said to be the mechanism by which diverse plant 
communities are able to coexist and produce more biomass than less diverse communities. 
Niche complementarity occurs within plant mixtures when individual species exploit 
interspecific differences in resource requirements, spatial and temporal variability in resource 
and habitat use, and/or positive interactions between species to produce mixture yields 
greater than that of the most productive species grown in monoculture (Hector, 1999; Tilman 
etal., 2001). 
A diverse assemblage of legume species sown on backslope landscape positions may 
optimize the spatial and temporal distribution of dry matter and nutrients in pastures. 
Legumes are known to improve the quality and production of forage in pastures at later 
harvests (Sleugh et al., 2001). Harmoney et al. (2001) found that across landscape positions, 
the proportion of legumes in dry matter was correlated positively with legume species 
richness and species dry matter diversity (Harmoney et al., 2001). Similar positive 
correlations between the percentage of ground cover consisting of legumes and legume 
species richness and H' were found in an experiment presented in Chapter 4 (Table 4.2). 
Thus, by improving legume species diversity, both the spatial and temporal distribution of 
forage production and quality may be improved in pastures. 
Competition from grasses inhibits the survival of legumes on summit and toeslope 
positions. Emergence of legume seedlings following sowing is similar among summit and 
97 
backslope positions (Table 3.1). However, survival of legume seedlings on summit 
positions, by the end of the growing season in swards cut at 5 cm, was on average 121 plants 
m"2 less than on backslope positions (Table 3.2). This occurred despite minimizing 
competition by reducing the sward height early during establishment. Competition from 
grasses is greater on toeslope positions than on summit positions. Following establishment, 
legumes accounted for 62 g kg"1 DM yr"1 on summits and 7 g kg"1 DM yr"1 on toeslopes 
during the first three years of production (Harmoney et al., 2001). 
Nitrogen fertilization further escalates competition from grass thus reducing 
establishment of legumes. Survival declined by 70% on backslopes and 48% on summits 
when N fertilization rates increased from 0 to 89 kg ha"1 N (Fig 3.1). Because survival of 
legumes on summit positions was minimal at 0 kg ha"1 N, increases of N fertilizer were 
inconsequential for legume establishment on summit positions. Nitrogen fertilization tends 
to favor grasses over legumes and is not a recommended practice to maintain legumes in 
pastures (Heichel, 1985). Grasses have a greater relative growth rate than legumes in areas 
with high soil N availability. In areas with low soil N availability, legumes are more 
competitive because they can supplement mineral N uptake with N2 fixation (Schwinning 
and Parsons, 1996). 
The reduction of competition from grass improves the establishment of legumes on 
backslope positions. Legume survival was negatively related to the average LAI of the 
pasture sward (Fig. 3.3). Repeated defoliation of pasture swards to 5 cm improves survival 
on summit positions; relative to backslopes, however, survival on the summits remains low. 
In a study conducted in Minnesota, researchers found that competition from grasses was the 
overriding factor limiting the ability of legumes to establish in cool-season grass pastures 
98 
(Cuomo et al., 2001). Competition from grass limits the establishment of legumes in 
pastures by limiting the photosynthetic photon flux or quantity of light that reaches seedlings 
at ground level (Trott et al., 1988). The quality or spectral distribution or radiation within 
plant canopies, particularly the red to far-red (R:FR) wavelengths also influences how 
legume seedlings respond to competition (Ballare et al., 1990). 
Grazing increases heterogeneity in pastures and reduces competition from the 
dominant grass species. Species diversity in grasslands is dependent on disturbance. In the 
absence of disturbance, competitive interactions tend to decrease species richness in 
grasslands (Collins, 1988). In remnant prairies in Wisconsin, the absence of disturbance led 
to decreases in plant diversity and the loss of plants with small stature, small seeds, and 
fixing plants (Leach and Givnish, 1994). Large grazing animals create heterogeneity in plant 
communities through defoliation, trampling, and deposition of manure and urine (Steinhauer 
and Collins, 1995). 
Grazing increases legumes as a percentage of ground cover at 15 to 20% slopes and 
intermediate values of soil EC. At these slopes and EC values, pastures managed with 
rotational and continuous stocking systems had a greater percentage of legumes than 
nongrazed pastures. When slopes were < 10% and EC values were low or high, legumes as a 
percentage of ground cover was similar among stocking systems. Grazing reduces 
competition from smooth bromegrass and reed canarygrass at high slopes and intermediate 
values of soil EC. These species dominate the pasture swards when slopes are < 10% and 
soil EC is low and high. 
Grazing increases legume species diversity in pastures. In 0.4 m2 samples, Harmoney 
et al. (2001) found that pastures managed with rotational and continuous stocking systems 
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had on average 1.8 legume species compared to 1.0 legume species in nongrazed pastures. 
We found the difference in diversity between grazed and nongrazed pastures increases as 
sample scale increases (Fig 4.3), and that this relationship occurs for both legumes and 
grasses. Legume species diversity is important in pasture systems because of the greater 
heterogeneity created by large grazing animals. Without legume diversity, weeds might 
account for a greater percentage of the pasture cover. 
Grazing increases the occurrence of minor forage grass and legume species in 
pastures. Grazing did not affect the percent occurrence of the dominant grass species, 
smooth brome and reed canarygrass, or the most abundant legume, birdsfoot trefoil, at any 
scale. As scale increased, however, orchardgrass, timothy, red clover, white clover, alfalfa, 
and kura clover increased in grazed pastures but not in nongrazed pastures (Fig 4.4 and Table 
4.1). Thus, the differences in grass and legume species richness we found between grazed 
and nongrazed pastures as scale increased were due to the occurrence of minor forage 
species. When measured at small sample scales these species or diversity may not seem 
important in pastures. Collectively, however, when viewed from landscape position or whole 
pasture scales, these species contribute to productive and stable-yielding pastures. 
The hypothesis that legume species diversity is necessary for the productivity and 
functioning of pasture ecosystems needs to be evaluated further. To evaluate this hypothesis, 
experiments must treat legume species richness as the independent variable. It is also 
important that these experiments use species that are adapted to the climatic and 
environmental conditions of the site. A diversity experiment in Iowa might consist of a 
combination of 1,2,3,4, or 5 legume species. The legumes most suitable for such an 
experiment would include red clover, alfalfa, birdsfoot trefoil, white clover, and kura clover. 
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It is important that in diversity experiments, treating legume species diversity as the 
independent variable, that all species get established and be maintained prior to measurement 
of dependent variables such as forage productivity, quality, or resistance to weed invasion. 
Next, the results of the experiments conducted at Rhodes, IA suggest that these 
experiments should be conducted at larger sample scales than the 1 m'-scale of typical-
agronomic experiments and be conducted across pasture ecosystems that vary in landscape 
positions. The benefits of legume species to herbage productivity, quality, or fertility will 
not necessarily be found at small scales. Legume species diversity also is likely to have 
greater benefits towards improving legume persistence and production in pasture experiments 
that are evaluated for multiple years. Under management systems where pastures are 
reseeded every few years, a single legume species may be adequate. 
Finally, legume diversity experiments need to incorporate grazing. Grazing will 
increase patchiness in the experiment through selective grazing and increase heterogeneity in 
soil nutrients through manure and urine depositions and diversity in height, structure, and 
light conditions within pasture swards. Grazing management treatments should be compared 
to just a mowing regime. It is known that disturbance of grass vegetation is necessary to 
maintain species diversity in grasslands. A nongrazed system is not a sufficient control. 
Only one legume species has survived under nongrazed systems in pastures at Rhodes, IA. 
Experiments at Rhodes, Iowa have shown that a diversity of legume species may be 
necessary to exploit the increased heterogeneity created by landscape positions and grazing 
in pasture ecosystems. 
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